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Sporulation as a Developmental System

Endospore formation is the ultimate example of adapta-
tion of bacteria to starvation. The response involves the
cooperation of two sister cells in a series of developmental
changes culminating in the packaging of one cell into a tough
resistant coat. The other cell contributes most of its re-
sources to the process and then lyses. Unlike most adaptive
responses in bacteria, sporulation takes many hours and
includes major changes in cellular morphology as well as in
biochemistry and physiology. Because it also involves the
differentiation of two cells that start out with identical
genomes, it incorporates two of the main characteristics of
developmental processes in all organisms, i.e., temporal
change and cellular differentiation. Sporulation has therefore
attracted interest not only from bacteriologists and those
interested in the practical aspects of spore formation but also
from developmental biologists (see reference 158 for a his-
torical perspective). Its advantages in this respect are its
relatively simple cellular organization, its experimental trac-
tability, and its excellent genetics.

Although sporulation has been studied as a simple exam-
ple of development for many years, in the last 10 years or so
spectacular progress has been made in isolating the devel-
opmental genes and in unraveling their functions and inter-
actions. Indeed, great progress has been made in elucidating
the complex genetic program regulating sporulation, and
many of the genetic interactions can be explained by the
action of transcription factors that have been characterized

of developmental systems and has opened the way to an-
swering some of the most basic questions of developmental
biology at the molecular level. Prominent among these
questions are the mechanisms responsible for the establish-
ment of cell-specific gene expression and the temporal
control of gene expression. Recent work has also demon-
strated intercompartmental interactions coordinating devel-
opment in the two cells and the possible existence of
feedback regulation from morphological structure to gene
expression.

In this review I update our knowledge of the genes and
gene products controlling sporulation and summarize the
pattern of interactions between them. The process can be
divided into five major phases, four of which are coordinated
by sporulation-specific sigma factors, which act as master
regulator genes, effectively determining the cell type at any
given stage. In the second half of the review I describe the
major morphological and biochemical changes that occur
during sporulation and discuss what is known about the
functions of the genes that bring about these changes.

Previous Reviews

Numerous lengthy reviews have covered the physiological
and biochemical aspects of sporulation in detail (see, for
example, references 92, 93, 104, 252, 253, and 315). The
classical review of sporulation genetics by Piggot and Coote
(221) still has much to commend it, especially if read in
conjunction with more recent updates (see, e.g., references
179 and 223). Specific aspects of the material treated here are
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FIG. 1. Morphological events of B. subtilis sporulation, and the effects of mutations in various sporulation genes on morphology. The main
sequence of morphological events begins with a vegetative cell and ends with the release of a mature spore. The intermediate steps that have
been recognized are joined by horizontal arrows. Genes shown in boldface type above the arrows are required for the step indicated by the
arrow. Mutations in these genes give a mutant phenotype similar to the cell shown immediately before the arrow. Genes encoding proteins
that are known to act at a specific point in the sequence but that do not block development are shown below the arrows. Thus, for example,
the cotT gene encodes a protein that assembles into the inner spore coat. In a cotT mutant the spores are normal in gross morphology and
are apparently deficient only in the CotT protein. The locations of potential cell division events that can occur in the presence of certain
mutations are indicated by crosses. In such cases, cells with additional septa are formed (indicated by the dotted arrows). Other mutations
cause the organism to continue on an abnormal pathway, leading to the formation of the aberrant cells, also shown above the main sequence.

covered in several recent short reviews (66, 72, 105, 163,
178, 200, 276).

Morphological Changes during Sporulation

We are fortunate that in Bacillus subtilis the morphologi-
cal, physiological, and biochemical changes that accompany
sporulation have been studied and described in great detail
over the last 30 or so years. In the classical electron-
microscopic studies of Schaeffer and colleagues (see, e.g.,
reference 236) seven well-characterized morphological tran-
sitions were defined, but, of course, in reality these merge
into one another, providing little indication of the underlying
mechanisms. Thus, some of the steps originally defined were
somewhat arbitrary. Since these pioneering observations of
wild-type sporulating cells were made, many developmental
mutants have been identified and characterized. Some of
these mutants are blocked at discrete points in the normal
morphological continuum, and study of these has provided
information about intermediate steps in the morphogenic
process for which the action of a specific protein is required.
Other mutants are directed into pathways producing aber-
rant structures. Figure 1 shows a schematic summary of the
morphological events of sporulation and some of the conse-
quences of mutations in specific genes; the roles of these
genes in morphogenesis will be discussed in detail in the
main body of the review (see also reference 221).

Although the classical morphological stages of sporulation
have been described in detail many times, it is useful at this
point to summarize them briefly. Sporulation is generally
induced by starvation. In a good growth medium the vege-
tative rod-shaped cells proliferate in much the same way as
most other rod-shaped cells. They double in length and then
divide centrally to produce two identical daughter cells.
Such vegetative cells were defined by Ryter (236) as being in
stage 0 with respect to the sporulation cycle. Sporulation
begins with an asymmetric division, producing sister cells
that differ markedly in size (Fig. 1). Completion of the

specialized spore septum was defined as stage II. (Stage I as
originally defined by Ryter [236] is generally no longer
recognized because it does not seem to be specific to
sporulation and because no mutants arrested at this stage
have been found [221].) The smaller prespore is then en-
gulfed by the mother cell in a process now recognized to
involve several distinct intermediate steps (see below).
When engulfment has just been completed (stage III), the
membranes surrounding the cytoplasm of the prespore (now
called the forespore) have a very amorphous appearance,
presumably because there is no layer of peptidoglycan (PG)
to provide them with a defined shape. The distinct ovoid
shape of the mature spore begins to become apparent as a
layer known as the cortex, a modified form of cell wall (305),
is synthesized between the prespore membranes (stage IV).
At about the same time that the cortex is being synthesized
between the spore membranes, the proteinaceous spore coat
begins to be deposited on the outside surface of the spore
(stage V). The final period of spore development, termed
maturation (stage VI), occurs with little overt change in
morphology, but during this period the characteristic prop-
erties of resistance, dormancy, and germinability appear in
sequence (55, 142). Release of the mature spore by lysis of
the mother cell is defined as stage VII.

Sporulation Genes

We shall see during the course of this review that the
prespore and mother cell undergo very different physiologi-
cal and morphological changes during development. This
simple system therefore poses several interesting questions
of developmental regulation. As a result of the application of
the powerful classical and molecular genetic methods avail-
able for B. subtilis (reviewed in references 45, 65, and 316),
most of the regulatory genes determining the patterns of
gene expression during sporulation have now been charac-
terized.

In general, the genes involved in sporulation are scattered
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around the B. subtilis chromosome and are interspersed with
genes having no known role in sporulation. I have not
provided a systematic list of all known sporulation genes,
but Table 1 contains some background information on, and
numerous references to, most of the well-characterized
genes. The reader is referred to the most recent review of the
B. subtilis chromosome map for an up-to-date list of genes
(220).

spo genes. Classical genetic studies have implicated about
50 genetic loci, designated spo, in the control of sporulation.
Originally the designation was used for mutations that af-
fected spore formation without any obvious effects on veg-
etative growth under a variety of conditions (221). Such spo
loci were named according to the stage at which a mutation
in the locus blocked sporulation. Thus, the designations
spo0, spoll, spolll, etc., indicated that mutations in these
loci would allow progress to stage 0, stage II, and stage III,
respectively (Fig. 1), but not beyond. Loci containing muta-
tions conferring similar phenotypes but mapping at distinct
chromosomal positions were distinguished by additional
capital letters: spollA, spollB, spollC, etc.

Unfortunately, the definition of spo loci is rather loose,
and certain errors of mapping and phenotypic characteriza-
tion have resulted in confusion. The main problem has been
that mutations originally assigned to different loci have been
found to lie in the same locus. For example, the single
mutations defining the spo0D and spo0G loci are now known
to lie in the spo0B and spo0A loci, respectively (73); the
mutations defining the spolVD and spolIVE loci were found
to be extensive deletions that overlap the spolVC locus
(165); and the mutations defining the spoVH and spoVJ loci
(119) are now known to lie in spoVA and spoVK, respec-
tively (67, 81). Several spo loci originally defined by trans-
poson-induced mutations (240) have subsequently been
found to lie in preexisting loci, mainly because electron
microscopy was not included in the original phenotypic
characterization of the transposon mutants (e.g., spoVL [44]
and spoVP [232]). Molecular genetic analysis has revealed
that many of the spo loci identified in the classical genetic
studies are polycistronic (e.g., spollA4 [222] and spoVA [86]).
Thus, the total number of spo genes is probably two- to
threefold greater than the total number of spo loci.

spo genes make up only a proportion of the genes normally
expressed during sporulation. Several other categories of
genes that participate in sporulation have been identified.

ger genes. Spore resistance and dormancy properties are
reversed rapidly by chemicals that act as germinants. Func-
tions involved in the germination response have been iden-
tified by ger mutations, which interfere with germination and
were originally thought to have no effect on spore formation
(for a recent review, see reference 198). However, because
germination occurs in the absence of de novo gene expres-
sion, the functions required for germination must be built
into the spore as it develops. It follows that the genes
encoding germination functions must be expressed during
sporulation. Thus, although several genes specifically in-
volved in germination have been discovered, the distinction
between spo and ger designations is often arbitrary. For
example, the gerE gene encodes a small DNA-binding
protein (39, 123) that regulates gene expression during the
later stages of spore coat synthesis (322). Consequently,
mutations in gerE lead to defects in spore formation (143),
but they were first identified on the basis of their effects on
germination (197). gerM and gerJ mutations also seem to
have pleiotropic effects (238, 302). Conversely, some spo
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mutants produce spores with altered germination properties
(e.g., spoVIA [140] and spoVIB [141)).

Other sporulation genes. A number of other approaches
have been used to identify genes involved in sporulation.
Several have been identified on the basis of the products
they encode. The abundant small acid-soluble proteins
(SASPs) of the spore core and the proteins of the spore coat
are encoded by families of genes of which many of the
members have been isolated and characterized (see, for
example, references 56 and 254). Genes encoding sporula-
tion-associated enzymes have also been cloned, for exam-
ple, glucose dehydrogenase (170) and alkaline phosphatase
(16). The dci loci were cloned on the basis of their rapid
induction at the onset of sporulation (193).

A further class of genes needed for sporulation is also
expressed during growth. These genes include cell division
genes such as ftsZ and fis4 (11, 102, 103, 113) (the latter
previously targeted by a ““spo’” mutation: spolIN279 [314])
and genes encoding many enzymes (e.g., the ans operon,
encoding L-asparaginase and L-aspartase [282]). In general,
this class of genes has not yet been studied in much detail.

REGULATION OF GENE EXPRESSION DURING
SPORULATION

Temporal Control of spo Gene Expression

During the last decade or so, many sporulation genes,
including almost all of the spo genes, have been cloned and
characterized. Studies of their regulation, mainly by use of
fusions to a lacZ reporter gene, have provided information
about the temporal sequence of gene activation, with the
appearance of B-galactosidase activity indicating the onset of
gene expression. These timings can then be related to the
various morphological changes described above, determined
under similar conditions (209). When measurements of
mRNA synthesis have been made, they have generally been
in agreement with the results of translational lacZ fusion
assays (see, e.g., references 76, 186, 246, and 323). Thus,
there is as yet little evidence of translational regulation.

Unfortunately, it is sometimes difficult to compare the
times of expression of genes measured in different laborato-
ries, because several different approaches have been used to
induce sporulation. The nutrient exhaustion method in-
volves growing cells in a rich medium until some (often
unknown) component of the medium becomes limiting. This
point, the end of exponential growth, is arbitrarily defined as
the initiation point of sporulation (¢,). Clearly, in terms of the
timing of events during sporulation, the reproducibility of
this procedure depends on the accuracy with which the end
of exponential growth can be detected, and this is partially
dependent on the frequency and accuracy of the culture
density measurements. The resuspension method involves
harvesting cells from a relatively rich medium and resus-
pending them in a starvation medium (266). Although this
procedure requires two different media, it has the important
advantage that the time of resuspension (¢,) provides a fixed
point for the initiation of sporulation from which subsequent
events can be accurately timed (209). This method is ex-
tremely reproducible as long as precise experimental condi-
tions are rigorously adhered to (209). The amount of carry-
over of growth medium into the starvation medium, the time
taken for the harvesting and resuspension steps, etc., can
affect the reproducibility of the method. It should also be
noted that the time taken for the cell to detect the change in
medium composition and respond by initiating sporulation is
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TABLE 1. Timing, localization, and transcriptional regulation of sporulation gene expression

Gene o Other Map Onset of Locali- Evidence Sigma fEO‘;]gle nc: Other regulato
ne. : position expression .~ . for local- gm em g 24 Reference(s)
protein name(s) (degrees) (min)® zation® o . d factor factor effectors”
g assignment®
Preseptation
abrB abs, cpsX, tol 326 A\’ ot 2 0A(—), AbrB(-) 217, 278
hpr catA, scoC 75 \% 0A(-) 215
kinA spollJ, scoD 118 V& ot 2,3 7, 212, 216, 226
sin flaD 221 v o 2 97
spoOB spoOD 241 \%d ot 2 19, 84
spoOH sigH 11 o 2,3 AbrB(-) 307, 327
spoOK opp 104 \% ot 1 213, 235
spollIE spollIB 142 \" ot 2 88
spolllJ spo0J 352 v ot 2 68
spo0A spo0C, spo0G, 217 \'4 P,o* 2 31, 85, 226, 311, 312
spolIL
0 P,o" 2,3
spoOE 120 Vv, 08 o 2 214, 216
spoOF 324 v o’ 2 172, 226, 292, 312
0 o'k 2,3
dciA i ot 2,3 AbrB(—) 259
spo0J 352 0-30 20
spolIB 244 0-30 at 1 184
spoVG 0.4 kb 6 0-30 ot 2,3,4,5 AbrB(-) 28, 115, 201, 324, 325
spollA sigF 211 40 ol 2,3 0A(+), Sin(—) 76, 182, 218, 308, 309
spollE spollH 10 30-60 ot 2 0A(+), Sin(-) 109, 182, 313
spollG sigE 135 0-60* o 2,5 0A(+), Sin(-) 154-156, 182, 245
Postseptation
60-120 M,P F 27, 294, 295
spolID spolIC 316 80 M E,G ot 2,3,4 57, 132, 233, 268, 273
spolllA 220 80 M G ot 2,4 ITID(-) 53, 130, 132
spolVA spoVP 204 80-90 M G of 2,4 53, 232, 267
spolVF bofB, spoVL 242 60-90 oF 2,4 40, 44
spoVB spollIF 239 60-90 M G & 1,4 53,224
spoVD 133 80 M G ot 2,4 IIID(-) 48
bofA4 60-90 ot 2,4 134, 230
gerJ 206 60-90 302
gerM 251 90 of 1 238, 261
DphoAIII (APase) 50 90 M I oFX 1 4, 30, 209
nucB (DNase) 227 100 M 1 ot 1 4, 74, 300
spollID 302 80,1000 M LF,G of 2,4,5 IIID(+) 43, 53, 130, 164, 268, 286
spoVK spoVJ 168 110 M , G P,ct 2,4 ITID(+) 80, 81, 89, 90
ok 2
2>
cotE 150 60-120 M I b 2 IIID(+) 321, 323
P, 0¥ 2
gpr 80, 120" P E,F',R o 2,3,4 173, 183, 209, 210, 281, 284
Postengulfment
spollIG sigG 135 120 P LF,G o 2,3, 4 88, 101, 132, 151, 209, 211,
247, 280
spoVA spoVH 211 150 P F,G o 2,3,4 53, 77, 132, 199, 207, 283
gdh (GDH) 34 150-180 P F,R o 2,3,4 82, 94, 153, 204, 228, 283,
284
gerA 289 150-180» P R o 2,3,4 82
gerB 314 a° 2,4 38
gerD 16 1507 P R o 2,3, 4 153
sspA 266 150-180 P E,R o 2,3,4 91, 128, 187, 207, 283
1208%
sspB 65 1208 P E,R a® 2,3,4 91, 187, 207, 283
sspD 121 1208 P R o 2,3,4 187, 207, 283
sspE 65 1208¢ P E, R o° 2,3,4 91, 187, 207, 283
spollIC sigK, spolVD 227 150 M F 165, 297
spolVCB spolVE 227 180 o*a 2,3 IIID(+), GerE(-) 162, 165, 166
. [VB we 213 240 P E,R G 2,4 43, 299
SPpo. > o s >
spoVE 133 240 M G o¥ 1 53,117, 118
spoVF (DPA) dpa 148 240 M F oX 2 GerE(-) 5, 50, 301
sspF 0.3 kb 6 240 P F oS 2,4 175, 208
gerE 253 240 M E, I o 2 41

Continued on following page
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TABLE 1—Continued

Map Onset of . Evidence . Evidgnce
Gene or Other % N Locali- Sigma for sigma Other regulatory
protein® name(s) position exprgss;’on zation® f9r k.)ca; factor factor effectors” Reference(s)
(degrees) (min) ization .
assignment®

cotA pig 52 240 M 1 o 2 GerE(-) 239, 322
cotD 200 240 M I ok 2,3 GerE(+), SpollID(—) 162, 323
cotF 349 2407 M I ok 2 4,17
cotT 114 M I oX 2 GerE(-) 8
cotB 290 360 M I oX 2,3 GerE(+) 322, 323
cotC 168 360 M I oX 2,3 GerE(+) 322, 323

“ Genes are listed in approximate order of expression. They are tentatively divided into three sections according to whether their time of expression precedes
segtation (preseptation), begins after septation but before engulfment (postseptation), or begins only after engulfment is complete (postengulfment) (209).
When possible, the times quoted (minutes after initiation of sporulation) are from experiments in which the resuspension method was used (266), since these

give the most accurate and reproducible timings. Possible anomalies are noted.

¢ M, mother cell; P, prespore.

4 E, immunoelectron microscopy with anti-B-galactosidase against protein expressed from a lacZ fusion, except for ¢&, for which the antibodies were raised
against the protein itself, and sspA4, sspB, and sspE, for which both types of antibody were used; F, fractionation on the basis of differential susceptibility to
mechanical shearing forces, with B-galactosidase activity used except where otherwise indicated; G, genetic method of De Lencastre and Piggot (53) or Illing et
al. (132); I, inference from function of protein; R, detection based on occlusion of B-galactosidase activity in the developing prespore.

¢ 1, sequence searching only; 2, sequence similarity based on a transcription start site determined by primer extension or nuclease protection; 3, transcription
from the correct start site in vitro; 4, induction of expression by synthesis of o in vegetative cells; 5, allele-specific suppression of a promoter mutation by a

mutation altering the DNA recognition region of the cognate sigma factor.

/ Where there is reasonable evidence for a direct interaction, e.g., binding of the protein to the DNA in vitro, or tight correlation between time of activation
of regulator and effect on gene expression. +, positive regulation; —, negative regulation.

£ Sporulation by nutrient exhaustion.

% Transcribed by Eo™* (226) rather than Eo® as stated in the original paper (172).

¢ Sporulation induced by decoyinine.

/ Timing of pro-¢F and mature &, measured by Western immunoblot from exhaustion culture.
k The phoAIIl gene appears to have a oF promoter, but at least one other gene contributes to sporulation alkaline phosphatase activity (16).
! An initial phase of low-level expression occurs after 80 min; the main phase begins at about 100 min (268). Very different timing was observed by Kunkel et

al. (164), who noted onset of expression after 150 min.

™ An initial phase of low-level expression occurs after 80 min; the main phase begins at about 120 min (209).
" Fractionation on the basis of immunological detection; experiment done on B. megaterium (173).

° These promoters can also be utilized by Ea® in vitro and in vivo (280, 284).

P Coincided with the onset of glucose dehydrogenase activity.
2 This promoter can probably also be utilized by EoF (166).

" From comparison with cotD transcription in a primer extension experiment (42).

unknown. A third method, based on induction of sporulation
in rich medium by the antibiotic decoyinine, has been used
occasionally. This again provides a defined ¢,, but the
efficiency of sporulation is relatively poor (195).

Table 1 lists the time of onset of expression for various
genes; when possible, data obtained by the resuspension
method are reported. The genes are tentatively divided into
three groups according to whether they begin to be ex-
pressed preseptation (about 65 min after resuspension [209]),
postseptation (between 65 and 105 min [209]), or postengulf-
ment (after about 105 min [209]). Some genes, particularly
but not exclusively the spo0 genes, are expressed in vegeta-
tive cells. A subset of these are turned off at initiation (e.g.,
spo0B). Others show increased expression within the first 30
min. Studies of this phenomenon suggest that the genes have
dual promoters, one promoter driving expression during
vegetative growth and the second taking over or boosting
expression at or around initiation (e.g., spo0A4). Vegetative
expression of spo0 genes is not surprising, since their
products are envisaged to control the initiation of sporula-
tion. However, two genes in which mutations have an
apparent effect on sporulation only at stage 111, spollIE and
spolllJ, are also expressed vegetatively. The reason why
these genes are turned on so far in advance of any obvious
requirement for their products is not clear.

Differences between the timings measured in different
laboratories preclude a detailed temporal classification of the
various genes shown in Table 1. However, it is clear that the
transcriptional regulation of sporulation is complex, involv-
ing a series of sequential changes occurring over a period of
at least 6 h after the onset of sporulation.

Cellular Localization of Gene Expression

As discussed above, the core of the mature spore contains
a number of highly abundant proteins, and these, for topo-
logical reasons, must be made within the developing fore-
spore. Conversely, the outside surface of the spore carries at
least a dozen coat proteins that, for topological reasons,
must be made in the mother cell. Several approaches have
been used to determine the cellular localization of the
expression of other genes during sporulation. Initially this
was done by biochemical fractionation methods (6, 63, 83).
Once the cortex begins to form (stage IV; about ¢,), the
forespore becomes sufficiently robust to withstand mechan-
ical shearing forces that fragment mother cells and non-
sporulating cells. The particulate (forespore) and soluble
(mother cell) fractions can then be assayed separately for the
presence of specific proteins or for the B-galactosidase
activity from lacZ fusions (see, e.g., references 77 and 258).
This procedure works quite well for genes that are expressed
during the later stages of sporulation but not for genes
expressed before about ¢, (when resistance to mechanical
shearing begins to appear in the forespore). Thus, the
method can be used to demonstrate that a gene is expressed
inside the forespore, but it cannot distinguish between
mother cell expression and early forespore expression. A
related approach relies on the differential sensitivity of
mother cells and forespores to lysozyme or to permeabilizing
agents such as toluene (see, e.g., reference 187). This
method is simple but again is applicable only when gene
expression occurs after the appearance of lysozyme resis-
tance or impermeability. Expression of B-galactosidase in
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the forespore can be demonstrated easily by purifying ma-
ture spores and then either disrupting them biochemically
(187) or permeabilizing them by inducing germination (see,
e.g., reference 77); however, the results tell us little about
expression in the mother cell.

Recently, immunoelectron microscopy has been used to
visualize the locations of specific proteins or of the B-galac-
tosidase produced from spo-lacZ fusions (see, e.g., refer-
ences 57 and 91). This approach has two advantages: it is
direct, and it can be applied to genes that are expressed
immediately after septation. A disadvantage lies in the
limited sensitivity of the method. For weakly expressed
genes it has been necessary to amplify the reporter gene
construction to achieve detectable levels of antigen (57, 183),
and it is possible that amplification perturbs the regulation of
the gene, so that the results might not reflect the in vivo
situation.

Genetic tests provide a simple but indirect alternative to
the biochemical methods. De Lencastre and Piggot (53) used
transformation to generate mosaic sporangioles (sporulating
organisms with one mutant and one wild-type chromosome).
The phenotypes of the progeny of spores selected on the
basis of heat resistance depend on whether the gene has to
be expressed in the forespore compartment. If forespore
expression is necessary, all of the progeny obtained will be
genetically Spo*. However, if the gene is required only in
the mother cell, sporangioles with a mutant allele in the
forespore and a wild-type allele in the mother cell can form
resistant spores, whose progeny are Spo~. A similar ap-
proach based on plasmid excision has been described more
recently (132). These methods reveal whether the gene is
required in the forespore or the mother cell, but they have
several limitations. First, they must be used only for genes
that are expressed and required after septation. Second,
leaky mutations can give rise to Spo~ progeny even if the
gene is required in the forespore. Finally, it should be borne
in mind that these methods do not provide information about
the actual location of expression; a gene might be expressed
in both cells but required in only one. Nevertheless, the
method is rapid, and the results, with no published excep-
tion, support those obtained by more direct measurements of
gene expression.

Another related method has been described by Dancer and
Mandelstam (46, 47). They showed that the defective sporu-
lation of certain Spo™ mutants could be rescued by convert-
ing them to protoplasts at about stage III and fusing them to
protoplasts made from wild-type cells. Again, the results of
these experiments indicated that expression of certain genes
in the mother cell was sufficient to allow sporulation to
occur. However, they suffer from several of the caveats that
have been outlined for the methods based on formation of
mosaic sporangioles, as described above. Protoplast fusion
can also be applied only to genes that are expressed after
stage III, because conversion to protoplasts before this time
is incompatible with sporulation (47).

Table 1 summarizes the results of the localization experi-
ments that have been reported. Perhaps surprisingly, all of
the genes turned on after the separation of prespore and
mother cell compartments seem to be expressed in only one
of the two cell types. The formation of oF may also be
mother cell specific, but different experimental methods
have given contrasting results. Cell fractionation studies
indicated that the proteolytically processed active form of o
was present in both the forespore and the mother cell (27),
whereas immunoelectron microscopy (57) and a variety of
other experiments (reviewed in reference 72) suggest mother
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cell-specific localization, at least for the genes controlled by
oF. It is of course possible that o processing occurs in both
cells but that the sigma is active only in the mother cell, but
this would require an additional level of regulation of sigma
factor activity.

It is clear that although the forespore and mother cell
compartments start off with identical genomes, they activate
different sets of genes during development. Comparison of
the data on timing and localization in Table 1 reveals that
there are temporal changes in gene expression in both cells,
and hence there are even more changes in transcriptional
specificity during sporulation than was made apparent by
examining the timing of gene expression. The way in which
differential programs of gene expression are set in motion
after cell division is one of the most interesting and challeng-
ing basic problems of developmental biology. This problem
has been partly solved for B. subtilis by charting the inter-
actions between the sporulation genes, thus identifying not
only the earliest cell-specific transcription factors but also
the factors that regulate their activities.

Dependence Patterns

The overall pattern of genetic interactions between sporu-
lation genes has been elucidated by measuring the depen-
dence of expression of a series of genes on the products of
other genes. The main method used has been to introduce a
spo-lacZ fusion into each of a series of otherwise isogenic
spo mutant strains and to measure B-galactosidase synthesis.
If the gene fused to lacZ is dependent on prior expression of
the gene containing the mutation, B-galactosidase produc-
tion is reduced or abolished. A large number of measure-
ments of this sort have now been made, and I have at-
tempted to summarize them in a greatly simplified form in
Table 2. Several important caveats must be attached to the
information presented in Table 2. For some loci, many
different mutant alleles have been used, not all of which are
well characterized. Although most of the results are based
on the use of spo-lacZ fusions, some were translational
fusions and others were transcriptional. Other data were
obtained by Northern (RNA) blot analysis. The main anom-
alies and inconsistencies are listed in the footnotes to Table
2. Despite these caveats, a distinct, internally consistent
pattern is beginning to emerge, and 12 different dependence
classes have been distinguished in Table 2. The members of
each class generally show common timing and localization
(compare with Table 1). Thus, the class comprising spollA,
spollG, and spollE is expressed in the preseptational cell
before septation. Class 3 genes are all expressed after about
80 to 90 min, at the same time as oF appears, and in the
mother cell compartment. Genes in classes 4 and 5 differ
from those in class 3 only in their responses to spollID
mutations: class 4 genes show increased expression in spol-
IID mutants, whereas class 5 genes show reduced expres-
sion. The “‘early’” prespore-specific genes, gpr (class 6) and
spollIG (class 7), are placed in separate classes mainly on
the grounds of their different responses to spolIG mutations.
spolVB, spoVA, gdh, gerA, gerD, and the various ssp genes
are all expressed specifically in the forespore and after about
150 min (class 8). The later mother cell-specific genes fall
into four classes, depending mainly on their responses to
gerE mutations. Class 10 genes are not influenced signifi-
cantly by gerE mutations, class 11 genes are overexpressed
in a gerE mutant, and class 12 genes are dependent on gerE.

The dependence of one gene on another implies that the
mutation eliminates the synthesis or activation of a factor
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TABLE 2. Dependence patterns for the expression of various sporulation genes
Effect of mutation in®:
: Depend- Trans-
Expresmaon Reference(s) e?lce g'; OE ILA(N II]IL[; VB criptional
of gene cass o oF N w6 mawy met [ mp mE 1va IVC gerE regulation®
oy IVF
0K iy
spoVG 325 1 - (+) + + (+) )+ (+) ) B (B (+) T AbB(-)
spollA 76, 246, 308 2 - =5 % + + + o+ o+ + + O+ + o' Spo0A(+)
spollE 109
spollG 34, 155, 294
of 4, 145, 295 3 - - - - + +& o+ 4+ + + o+ + of
spolID 32,233
spolVA 232, 267
spolVF 44
APase 4, 36, 74, 219
DNase 4,74
spolllA 130 4 - (=) - - + + + ++ + (+) (+) (+) oF SpollID(-)
spoVB" 224
spoVD 48
bofA" 134
spollID 164, 268 5 - - - - + o+ +d = + + o+ + o SpollID(+)
spoVK 80, 81
cotE 323
gpr 183, 209, 284 6 (—2 =) - + - + + + - () + (+) of
spollIG 88, 151, 209 7 = (=) - - - R =" (+) + (+) o7&
spolVB 43 8 - - - - - - —-° xP - + o+ + a°
spoVA 77
gdh 36, 187, 219
sspA to sspE 187, 188
sspF 208, 265
gerA 82
gerD 153
spolV(C? 166, 297 9 - - - - - - +7 - + + + + %/, SpollID(+),
GerE(-)°
e 180 10 - (=) - - (=) - - - - + - + of
gerE 41
spoVF 50 11 - - - - (=) - - - - + - ++ 0¥ GerE(-)
cotA 239
cotB 323 12 (=) - - - - - - - - e - o® GerE(+)
cotC 323
cotD 323

@ Expression of various genes, or processing of pro-o= or pro-oX (rows), usually measured by lacZ fusions, has been tested in a range of mutant backgrounds
(columns). The levels of expression shown are relative to that of wild-type cells. —, <20% wild type; *, 20 to 49% wild type; +, 50 to 200% wild type; ++, >200%
wild type. Parentheses indicate that none of the group have been tested in that particular mutant background and the result shown is speculative. Various genes
and mutants are grouped together on the basis of similar behavior. The groupings should be regarded as tentative in the absence of detailed molecular analysis
of regulation or knowledge of the action of the gene product. When a particular difference was observed between different members of a given group, the
circumstances are cited in a footnote. Mutations in a number of spoV and spoVT genes (spoVA, spoVB, spoVC, spoVD, spoVE, spoVF, spoVK, spoVIA, spoVIB,
and spoVIC) have also been tested extensively but found to have mainly insignificant effects. No attempt has been made to define the dependences of genes
exEressed in vegetative cells.

For clarity, the spo prefixes have been omitted.

¢ Likely transcriptional effectors responsible for regulation of the class of genes (from Table 1). (+), positive regulation; (—), negative regulation.

4 In most published experiments the strain used to test dependence on spollB probably also contains a spoV’G mutation (184).

¢ The spo0J93 mutation had no effect on spoVG-lacZ expression (325).

f The spo0J93 mutation gene did not block expression of spolIG (155), but this experiment involved induction of sporulation by decoyinine.

8 spolVA expression was only 43% in a spolIB (spoVG double) mutant (267).

% spoVB and bofA are included tentatively on the basis of their probable transcription by EoF and overexpression in the presence of mutations in spollID (134, 224).

¢ spoVK expression was only 17% in a spollAC(P) mutant (80).

J spoVK expression was reduced to 48 or 25% by mutations in spolll4 and spolllJ, respectively (80), probably because of effects on the o¥-dependent P,
promoter (89).

k spollIG expression occurs in a spo0H mutant, but this is probably an indirect effect of the block in expression of the spolI4AB gene (227).

! spollIG-lacZ expression in a spolIB mutant has been reported as 8% (151) and 51% (209).

™ Results strongly depend on the location of the spolllIG-lacZ fusion (88, 151, 209, 280, 281).

" Transcription from the spollIG promoter is probably mainly due to Eo¥ (211, 280), but it is blocked by mutations that inactivate o=, so an additional level
of transcriptional regulation is likely (209).

° The reported effects of spolIL4 mutations on prespore-specific gene expression vary over a wide range.

? Results are relatively variable. Particularly low expression of spolVB (3 to 31%) is found in this background (43).

9 spolllC-lacZ (297) behaved somewhat differently from spolVCB-lacZ (166), but the discrepancy is probably due to the site-specific recombination event
required for formation of the composite sigK gene (165, 275) (see text).

" Expression of spolVCB-lacZ was blocked by the spolllJ87 mutation (<5% of wild type), and results with the spolID mutations ranged from 13 to 62%,
depending on the mutant allele used (166).

* The spoIVCB promoter exhibits unusually complex regulation. It can probably be transcribed by RNA polymerase containing either oF or o, and it is
additionally regulated by both SpollID and GerE (162, 166, 322).

¢ Effect is strongly dependent on the medium used to induce sporulation (323).



VoL. 57, 1993

necessary for expression. A small number of dependences
are due to direct regulatory effects, for example by the
product of one gene acting directly on the promoter of the
other to stimulate transcription. However, most effects are
indirect and are due to the heirarchical organization of the
program. As will become clear below, many of the genes in
which mutations can interrupt the genetic program encode
regulatory proteins. However, not all do; some seem to have
structural roles in the execution of a morphological event.
The apparent dependence of gene expression on a morpho-
logical event could indicate the existence of feedback regu-
lation from morphological structure to gene expression as
first suggested by Stragier et al. (273). However, there are
alternative explanations: the formation of an aberrant struc-
ture could have an indirect effect on gene expression by
impairing the viability of the cell, for example.

It should be noted that several spo genes do not appear in
Table 2 because mutations in them have little or no effect on
expression of the genes that have been measured (see Table
2, footnote a). These mutations seem mainly to affect
structures that are formed relatively late in sporulation.
Perhaps if feedback mechanisms of the sort discussed above
exist, they operate only during the early stages of morpho-
genesis.

Resolution of the complex pattern of interactions between
such a large number of genes represents a considerable
achievement, and the extent of our understanding of the
interactions between sporulation genes is not matched by
any other developmental system. However, this establish-
ment of dependence patterns represents only one facet of
our knowledge of the regulation of sporulation gene expres-
sion. Several of the genes in Table 2 encode transcription
factors that have been isolated and characterized in vitro,
and it is now possible to explain, at least tentatively, the
molecular basis for all of the distinct dependence classes.

Transcription Factors

The most significant changes in gene regulation during
sporulation are brought about by the appearance of new
sigma factors, which confer new promoter specificities on
RNA polymerase, thereby activating collections of previ-
ously inactive genes (176, 177, 200, 276). In addition to the
major vegetative sigma factor, o**, at least five minor sigma
factors contribute to the transcriptional regulation of gene
expression during sporulation: oB‘ (28, 59), oF (111, 274,
294), a* (70, 270, 283), o© (151, 192, 283), and o* (162). For
virtually all of the sporulation genes described above, there
is at least a tentative indication of the form of RNA poly-
merase responsible for transcription. The types of evidence
linking a specific form of RNA polymerase to a given gene
fall into four categories. The first is sequence similarity.
Most sigma factors recognize promoters in the form of
conserved sequences centered at about —10 and —35 with
respect to the transcription start site (all of the sigma factors
implicated in the control of sporulation appear to fall into
this class [116]). When a number of promoters of a given
specificity have been identified, sequence comparisons re-
veal consensus sequences that can be useful in identifying
other promoters of the same class. These can be identified
tentatively by simply scanning the DNA sequence of a
promoter region or more reliably when the apparent tran-
scription start site has been determined by nuclease protec-
tion (14) or primer extension (133) methods. The second type
of evidence is transcription in vitro from the correct in vivo
start point with purified RNA polymerase. This provides
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evidence that a particular form of RNA polymerase could be
responsible for transcription from a specific promoter (201).
The third is the use of an inducible promoter to induce
synthesis of a sporulation-specific sigma factor in vegetative
cells (273). Immediate induction of expression of a target
gene again suggests that the sigma factor is at least capable
of directing transcription from the promoter. The fourth is
allele-specific suppression of promoter mutations by muta-
tions affecting the promoter recognition regions of the cog-
nate sigma factor (96, 256, 324).

The evidence linking specific forms of RNA polymerase to
the promoters of various sporulation genes has been ob-
tained in many laboratories and is summarized in Table 1.
Genes expressed vegetatively, or in the first 1 h of sporula-
tion (and therefore before septation), are transcribed by
RNA polymerase containing either the major vegetative
sigma factor, o (functionally equivalent to the major sigma
factor, a’°, of Escherichia coli), or a minor sigma factor, o*'.
After septation, four new sporulation-specific sigma factor
activities appear. It is apparent from Tables 1 and 2 that each
of these sigma factors controls one or more blocks of genes
exhibiting similar dependence patterns: the genes tran-
scribed by EoF all fall into classes 3, 4, and 5 in Table 2; oF
directs transcription of the gpr and spollIG genes which
make up classes 6 and 7; o controls the genes in class 8 (it
may also contribute to the transcription of genes in classes 6
and 7 [see below]); and o® controls those in classes 9 to 12.
Thus, some of the boundaries between dependence classes
reflect differences in the form of RNA polymerase responsi-
ble for transcription.

When not only the timing but also the localization of
expression of the genes transcribed by each sigma factor is
tabulated, it becomes apparent that each sigma factor con-
trols the transcription of genes in a specific cell type over a
relatively specific period. For the first 1 to 2 h after septa-
tion, transcription in the prespore and mother cell is directed
by EoF and Ec®, respectively. During the later stages of
development, Eo® and EoX are responsible for transcription
in the forespore and mother cell, respectively. From the
developmental point of view, the sporulation-specific sigma
factors thus act as master regulatory proteins determining
cell type, in much the same way as has been postulated for
certain proteins controlling differentiation in higher eukary-
otes (e.g., the MyoD gene controlling myogenesis [285]).
Transcriptional regulation of sporulation can therefore be
divided into five discrete stages, both temporal and spatial,
each demarcated by the action of a specific sigma factor (Fig.
2) (for reviews, see references 64, 66, 178, 200, and 276).

In addition to the sigma factors, several other proteins are
known to exert positive and/or negative control over the
transcription of sporulation genes and thus to influence the
pattern of dependences summarized in Table 2. The SpoIIID
and GerE transcription factors, in particular, further subdi-
vide the genes in the oF and regulons into discrete
temporal classes, thus accounting for the distinctions be-
tween genes in classes 3, 4, and 5 and classes 10, 11, and 12,
respectively (Table 2, final column). As discussed by Zheng
and Losick (323), the mother cell line of gene expression, at
least, seems to involve a heirarchical cascade of regulatory
effectors, in the sequence oF, SpollID, 0¥, and GerE. Each
factor activates a new temporal class of genes and is neces-
sary (although never sufficient) for synthesis of the next
transcription factor. Further details of the functions of each
transcription factor will be described in the appropriate
sections below.

Remarkable progress has clearly been made in working
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FIG. 2. General functions of the sporulation-specific sigma fac-
tors. oF and o are encoded by genes expressed in the presepta-
tional cell, i.e., before the formation of the spore septum. After
septation each sigma factor appears to control the transcription of
genes in a specific cellular compartment, as shown. Among the
genes transcribed by o and oF are genes encoding further sporula-
tion-specific sigma factors directing the transcription of collections
of genes determining the later stages of development in each cell. In
reality, the regulation of each sigma factor is under complex control,
as shown in subsequent figures. The shading used to distinguish
prespore- and mother cell-specific gene expression from that of the
preseptational cell is retained in several subsequent figures.

out the transcriptional regulation of sporulation gene expres-
sion. However, most sporulation genes do not act directly as
transcriptional regulators but instead contribute to the fab-
rication of the structures of the spore, either enzymatically
or structurally. In the remaining part of the review, I discuss
what is known about how the key changes in the transcrip-
tional apparatus are regulated and coordinated with the
developmental sequence and how the products of the known
sporulation genes help to bring about the biochemical and
morphogenic changes. The order of the following sections
roughly reflects the temporal order of the events in sporula-
tion.

INITIATION OF SPORULATION

Decision To Sporulate

The initiation of sporulation is complex, and at least three
types of input are integrated by the cell before it initiates
sporulation.

Nutritional signal. The nutritional factors that induce
sporulation have been reviewed in detail previously (92,
262). Starvation for sources of carbon, nitrogen, or phospho-
rus can induce sporulation; good carbon sources, such as
glucose, repress it. Freese showed, in a series of incisive
experiments, that the intracellular concentration of GTP (or
GDP) probably represents the key effector of the nutritional
signal (92). However, the way in which information about
the intracellular concentration of GTP is acquired by the cell
and transmitted to the transcriptional apparatus is not yet
understood.

Population density. Grossman and Losick (106) observed
that sporulation could not be induced efficiently in cells
maintained at a low population density. However, efficient
sporulation was obtained when cells were suspended at low
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density in medium previously conditioned by growth of cells
at high density. The effect was not due to depletion of an
essential growth factor. Rather, it seemed that vegetative
cells grown to a relatively high density produced a sub-
stance, possibly an oligopeptide, that is necessary for effi-
cient sporulation. Production of this substance, provision-
ally called EDF-1 (extracellular differentiation factor 1),
depends on several of the spo0 genes, particularly spo0A4,
spo0B, and spoOH. The oligopeptide transport system (opp)
of B. subtilis was identified by mutations originally desig-
nated spo0K, which are simultaneously defective in sporu-
lation and in the uptake of cell wall oligopeptides (213, 235).
It thus seems possible that the cell uses the uptake of wall
oligopeptides as an indicator of cell wall expansion and
hence of growth rate. However, how the cell could sense the
rate of oligopeptide uptake, or interpret this information, is
unknown.

Cell cycle. The early part of sporulation clearly comprises
a modified cell division (120) (see below). Mandelstam and
coworkers demonstrated that entry into the sporulation
cycle can occur only at a specific point in the cell division
cycle. Although the link between the cell cycle and initiation
is well established (33, 51, 52, 60, 157, 181), the way in which
the cell monitors progress through the cell cycle and trans-
mits this information to the transcriptional apparatus is
obscure. There is an obvious overlap with the general
problem of vegetative division (not only in prokaryotes), and
this area is thus likely to attract a good deal of interest in the
near future.

Transcriptional Regulation of the Initiation of Sporulation

Once the appropriate intrinsic and extrinsic conditions for
sporulation have been met, the initiation of sporulation
occurs. This involves a modified, highly specialized cell
division (120) and hence a series of morphological changes
different from those that occur in vegetative cells. These
events are directed, at least in part, by changes in the
transcriptional apparatus of the cell. Two transcriptional
regulators, o' and SpoOA, play key roles in initiation.
Several additional proteins participate, mainly by controlling
the activity of Spo0OA. The regulation of these various factors
and their interactions are described below. Both o' and
Spo0A exert control over various stationary-phase re-
sponses, such as the development of genetic competence
and the synthesis of extracellular degradative enzymes,
which occur in addition to or instead of sporulation, under
certain conditions. A full discussion of these responses is
beyond the scope of this review, but several excellent recent
reviews covering this subject are available (58, 160, 298).

spo0H. o™ is encoded by the monocistronic locus spo0H
(59). The gene has a o*-dependent promoter and is ex-
pressed weakly in mid-exponential-phase cells. Transcrip-
tion of spoOH gradually increases, reaching a peak at about
t, (307), but substantial transcription by Eo™ does not occur
until after the induction of sporulation at ¢, (115). Thus,
posttranscriptional control mechanisms, as yet poorly char-
acterized, ensure that the genes controlled by ¢*' are not
expressed until stationary phase.

A considerable number of genes controlled by Eo** (csh
genes) have been identified by Jaacks et al. (138). All showed
spoOH-dependent induction from about 7, but, surprisingly,
mutations in only two of these affected sporulation and then
only slightly. Thus, o** probably controls genes involved in
a range of activities that have not yet been discovered.
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Nevertheless, there is evidence that at least one important
sporulation-specific operon, spollA, is controlled by o*'.
spo0A and the phosphorelay system. The Spo0A protein
plays a pivotal role in the initiation of sporulation. The
spo0A gene is transcribed from two promoters, P, and P,. P,
is recogmzed by Eg® and apparently provides a basal level
of SpoOA in vegetative cells. P, is controlled by Ec* and as
such gives an increased burst of Spo0A at the onset of
sporulation (31, 311). Spo0OA negatively regulates various
genes, principally, in this context, abrB (217, 277), which is
in turn an important negative regulator of various stationary-
phase responses, although mainly it regulates genes that are
not concerned directly with sporulation (see below). Positive
regulation by Spo0A is responsible for the activation of
several key sporulation-specific genes, notably those of the
spollA (218), spollG (244, 245), and spollE operons (313).

The Spo0A protein belongs to a large family of bacterial
proteins called response regulators (reviewed by Stock et al.
[269]). These proteins generally have two domains. The
N-terminal domain is highly conserved, and an invariant
aspartic acid residue is the target for phosphorylation by one
or more cognate histidine protein kinases. Phosphorylation
controls the activity of the C-terminal domain, which, in
Spo0A, is thought to be responsible for DNA-binding and
gene regulation activities (218). Although Spo0OA, even in the
unphosphorylated form, can bind to DNA and repress tran-
scription (244, 277), its binding is enhanced by phosphory-
lation and its positive regulatory functions are dependent on
this (218).

Phosphorylation of Spo0A is thus the key to its control
over the initiation of sporulation. Phosphate is transferred to
Spo0A by a complex mechanism involving histidine protein
kinases (sensor or transmitter proteins) and at least two
intermediate phosphate carriers. The interactions between
the various participants have recently been reproduced in
vitro by Burbulys et al. (26). At least two histidine protein
kinases encoded by the kinA (spoIlJ) and kinB genes can
transfer phosphate to the SpoOF protein, which can transfer
the phosphate to a second intermediate carrier, Spo0B.
SpoOB is the immediate donor of phosphate to Spo0OA (Fig.
3).

This intricate pathway would allow various inputs from
internal and external environmental sensors to control the
level of Spo0OA-P (26, 105). Clearly, the KinA and KinB
kinases could respond to different signals. Increased activity
in either of these proteins would tend to increase the flux
through the phosphorelay. However, the nature of the inputs
to which they respond has not yet been identified. Other
inputs could control the flux through the subsequent steps by
acting on the intermediate carriers SpoOF and SpoOB. The
SpoOE and SpoOK proteins seem to act on the phosphorelay,
although their precise targets are not yet clear. The Spo0K
proteins have already been discussed in relation to the
““extracellular’ control of sporulation. The 10-kDa SpoOE
protein seems to act as an inhibitor of sporulation, but
mutations eliminating the C-terminal portion of this protein
block sporulation (214, 216). Presumably, the N-terminal
part of SpoOE is an inhibitor acting at some point in the
phosphorelay (spo0F mutations can be bypassed by certain
mutations in spo0A4 [85, 121, 264]) and the C-terminal region
modulates the activity of the inhibitor, presumably in re-
sponse to some signal. Again, the nature of this signal is
unknown.

The spo0B operon contains a second gene, obg, encoding
a GTP-binding protein that is essential for vegetative growth
(293). Because the spo0B and obg genes are cotranscribed,
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FIG. 3. Control of statlonary-phase gene expression by the phos-
phorelay system. At least two histidine protein kinases, KinA and
KinB, can transfer phosphoryl groups to the SpoOF protein in
response to as yet unknown signals, perhaps internal or external
nutritional conditions (26). The phosphoryl group is then transferred
via Spo0OB to the SpoOA transcription factor (26). Phosphorylated
Spo0A positively regulates the expression of several key early
sporulation-specific genes (indicated by the line ending in an arrow-
head) (218, 245, 313). The number 2 indicates that these genes are
denoted class 2 in Table 2. SpoOA-P also negatively regulates at least
two genes controlling various stationary-phase responses (indicated
by the line ending in a bar) (215, 277). The nonphosphorylated form
of Spo0A is also a weak negative regulator, as suggested by the thin
line. Several other gene products are thought to influence the flux of
phosphate through the phosphorelay, as indicated by the dashed
lines. Their precise targets in the pathway are not yet known, but, in
principle, they could act at any one of the four steps shown (26, 105).

Trach and Hoch (293) have suggested that the obg gene
product may be the crucial protein mediating the nutritional
regulation of sporulation, perhaps by sensing the GTP levels
in the cell and transmitting this information to the phos-
phorelay via Spo0B. Alternatively, it might be involved in
the cell cycle signal (26).

Elucidation of the phosphorelay system was an important
achievement. The existence of various other proteins that
seem to act via the phosphorelay shows in principle how
information from many different sources can be integrated to
determine the choice between proliferation and differentia-
tion. Again, our knowledge of this system may have impor-
tant consequences for thinking about the ways in which
similar decisions are made in higher organisms.

Other Regulatory Effectors of Initiation

Several other regulatory proteins play subsidiary roles in
the initiation of sporulation. Most of these have additional
functions contributing to the control of various other re-
sponses, such as the development of genetic competence
and the secretion of extracellular degradative enzymes, that
are characteristic of the postexponential phase of growth.

abrB. The abrB gene was originally identified by mutations
that relieved some of the pleiotropic effects of mutations in
spo0A (107, 108, 136, 137, 296). It is now known that the
abrB gene encodes a DNA-binding protein (95, 279) that acts
as a negative regulator of various genes that begin to be
expressed in the postexponential phase (sometimes termed
the transition state [217]). Among the genes controlled by
AbrB are at least three sporulation genes, spo0E (216),
spoOH (307, 327), and spoVG (326); an antibiotic-synthetic
gene, tycA (95, 231); and abrB itself (278). Direct binding to
promoter DNA has been demonstrated for all of these genes
except spo0H. The negative autoregulation of the abrB gene
presumably serves to maintain a steady level of AbrB in
vegetative cells. The abrB gene is also negatively regulated
by Spo0OA (217), with the result that its level of expression
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falls in the postexponential phase, thereby releasing various
genes from repression.

hpr. Like abrB, the hpr gene encodes a small DNA-
binding protein that controls expression of a number of
postexponential-phase genes, particularly those encoding
extracellular proteases (215). It probably controls at least
one gene required for sporulation, because overexpression
of hpr results in the inhibition of sporulation (215).

spo0J. The spo0J gene was first identified by a spo
mutation, spo0J93, which arrests sporulation before septa-
tion (124) and was later identified by a transposon insertion
(240). Originally, a second mutation, spo-87, was also placed
in the spo0J locus, but it is now known to lie in a separate
locus, spolllJ, concerned with stage III of sporulation (68).
spo0J is one of only two spo0 loci (the other being spo0K)
that can be bypassed by infection with the spore-converting
phages PMBI12 and SP10 (159, 257). Following infection,
spore-converting phages somehow intervene in the control
mechanisms of sporulation in such a way that they advance
its onset. They benefit by having their genomes trapped
inside a spore and hence take advantage of the spore’s
properties of dormancy and resistance. Since these phages
bypass spo0J and spo0K mutations, they probably advance
the onset of sporulation in wild-type cells by acting on the
pathway in which Spo0J and SpoOK normally operate.

There is some evidence that Spo0J is concerned with the
catabolite repression of sporulation (203). The spo0J gene
encodes a small protein with what is probably a DNA-
binding motif (203), so it probably works by modulating gene
expression. However, like most of the spo0 gene products, it
is not clear where Spo0J acts in the complex pattern of
interactions controlling initiation. It will be interesting to
discover precisely how phages PMB12 and SP10 replace or
bypass Spo0J function; they may act in different ways (257).

sin. The sin (sporulation inhibition) gene was first isolated
on the basis that it inhibited sporulation when placed on a
multicopy plasmid (98), suggesting that the protein can
negatively regulate certain essential sporulation genes. Sub-
sequently, gene disruption experiments indicated that the
protein was needed for the expression of various genes
involved with other stationary-phase events, such as com-
petence and motility (98). Indeed, the gene was identified
independently on the basis of mutations preventing flagellin
production (called flaD [248]). The Sin protein has been
shown to bind to specific DNA sequences in vitro (99).
Among the genes it controls are the important stage II
sporulation genes in the spollA, spollE, and spollG operons
(182). This negative regulation could serve to delay the
expression of these genes until just before septation. Alter-
natively, Sin may provide a fail-safe mechanism for revers-
ing entry into sporulation if nutritional conditions suddenly
improve (182). Clearly, the level of Sin activity in the cell
could influence the decision between sporulation and other
stationary-phase responses, but its precise role is not yet
clear.

Morphological Changes in the Preseptational Cell:
Formation of the Asymmetric Septum

Clearly, much is known about the changes in transcription
at the onset of sporulation, although many of the details
remain to be worked out. We must now consider how they
bring about the morphological events that occur at this stage.

The first overt sign of sporulation is the formation of the
asymmetric spore septum. This is a modified form of the cell
division septum (120), and its formation requires several
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genes, ftsA (originally called spollIG or spolIN [11, 102,
314)), ftsZ (originally called divIA4 [11, 13, 103]), and proba-
bly divIB (113) (also called dds [12]), that are involved in
normal cell division. It seems likely that asymmetric septa-
tion is preceded by the inhibition of a septum destined to be
formed in a central position, because mutations in some spo0
genes (spo0A, spoOK, and possibly others [61, 221]) produce
a phenotype in which continued division gives rise to cells
that are approximately half the length of sporulating cells
(Fig. 1). In contrast, spoOH mutations appear to be able to
block this additional central septum, though they cannot
make asymmetric septa (102).

The spo-87 mutation was originally also placed in this
category (124), but it is now known to be blocked at stage III
rather than stage 0 (68, 273). Unfortunately, the cell length
phenotypes of most of the well-characterized spo0 mutants
have not been described.

spollIE and the modified spore septum. Since the spore
septum is probably produced by a modification of the
process used in dividing vegetative cells, some (perhaps
most) of the proteins needed for septum formation are likely
to be common to both vegetative and spore septa. spollE
mutants, however, seem to be affected in sporulation only.
They produce asymmetric septa that are much thicker than
normal, having a vegetative-like appearance (129, 221). It
thus seems likely that the product of the spolIE gene (317)
somehow interacts with the general septum-forming appara-
tus to generate the modified spore septum. The time of
spollE expression (just before septation [Table 1]) and the
likely membrane location of its product (317) are in accor-
dance with this notion.

Septum positioning. The mechanism responsible for the
asymmetric positioning of the spore septum is as yet un-
known, but this is not surprising in the light of our ignorance
of the mechanism responsible for the central positioning of
the vegetative septum. Nevertheless, the dispensability of
the spore septum makes this an attractive area for future
study. Prespores superficially resemble the minicells made
by certain division mutants of both B. subtilis (229) and E.
coli (2). However, during sporulation the small compaitment
that is partitioned off invariably contains a chromosome,
whereas minicells are usually anucleate.

A tentative model explaining some aspects of the genera-
tion of asymmetry is discussed below in dealing with tran-
scriptional regulation at the time of septation.

ESTABLISHMENT OF DIFFERENTIAL GENE
EXPRESSION

It is clear from the above discussion of the results sum-
marized in Tables 1 and 2 that soon after the completion of
the spore septum, many genes are turned on specifically in
the mother cell compartment and at least two are turned on
in the prespore. Transcription in these two compartments
seems to be mediated by different sigma factors, oF and o©
(57, 71, 72, 183), but the genes encoding these two key
transcription factors, spolIGB and spollAC, are expressed
in the preseptational cell (101, 209). How are the activities of
o® and oF restricted to a single compartment after septation?
Although the answer to this question is not yet complete,
progress is beginning to be made: regulatory mechanisms
capable of controlling the activities of o€ and oF have been
uncovered and are partially understood (Fig. 4 and 5).
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FIG. 4. Regulation of o¥ activity. oF is encoded by the third gene
in the spoll4 operon (70, 87, 270, 283), which is expressed before
septation (i.e., in the preseptational cell [unshaded]) (101, 209) as a
result of transcription by Ec™ (309) in conjunction with the phos-
phorylated form of Spo0A (SpoOA-P [218]). The other products of
the operon, SpollAA and SpolIAB, control of activity, probably
through the negative regulatory cascade implied by the two lines
ending in bars (183, 211, 247). oF is thus rendered inactive in the
preseptational cell. After septation, o¥ activity is released specifi-
cally in the prespore compartment, where it activates transcription
of at least two genes, gpr (183, 284) and spollIG (211, 247, 283). The
release of oF activity requires the products of the spollE (183) and
spolllE (88) genes. The precise points at which these proteins
intervene are unknown, but the SpolIE proteins probably act at a
relatively early step, perhaps the formation of the spore septum
(129, 273), and SpollIE proteins act rather later. The numbers 6 and
7 refer to the dependence classes in which gpr and spolllG are
placed in Table 2. These genes are placed in distinct categories
because spolllG transcription is blocked by mutations in spollG
(encoding oF in the mother cell), whereas gpr transcription is
independent of spolIG (209, 210).

Control of o and oF Activities

Within the family of sigma factors, oF is unusual in being
synthesized as an inactive precursor with an N-terminal
29-amino-acid prosequence (147, 168). Pro-oF is encoded by
the second of the two genes that make up the spolIG operon
(155, 294). The first gene in the operon, spolIGA, probably
encodes the protease needed to activate oF (148, 273) (Fig.
).

In a similar way, the spoll4 operon encodes both ¢* and
proteins that regulate its activity. o is encoded by the third
gene of the operon, spolIAC (70, 283). The product of the
second gene, spolIAB, seems to be a negative regulator of a©
activity, and its action is in turn antagonized by the product
of the first gene, spollAA (37, 183, 211, 247) (Fig. 4). Thus,
mutations in spolIAB cause overexpression of o -dependent
genes, whereas spollAA mutations generally abolish oF
activity. SpolIAA probably acts through SpolIAB because
double mutants exhibit a spoIlL4B-like phenotype (183, 247).
The molecular basis for the inhibition of activity by
SpolIAB is not yet understood, but it does not seem to
involve proteolysis in the manner of ¢ inhibition.

Role of the Spore Septum in Activation of o* and o*

The activities of both o® and ¢* seem to be dependent in
some way on the formation of the specialized spore septum.
Both sigma factor activities are abolished in the presence of
spollE mutations (Table 2), which result in the formation of
an abnormal septum containing excess wall material (see
above), or when synthesis of the essential division initiation
protein FtsZ is withheld (13, 185). However, penicillin,
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FIG. 5. Regulation of oF activity. oF is synthesized as an inac-
tive precursor, pro-oF (168), which is encoded by the second gene in
the spolIG operon (148, 273, 274, 294). This operon is transcribed in
the preseptational cell by Ea* in conjunction with the phosphory-
lated form of SpoOA (Spo0A-P) (156, 244, 245). The first gene in the
operon, spollGA, 0grobab]y encodes the protease required for for-
mation of mature o (148, 273). oF activity seems to be restricted to
the mother cell after septation (57, 72); the simplest explanation is
that processing occurs only in this compartment. Both processing
(145) and oF activity (72) are abolished by certain mutations in the
spollA operon, suggesting that a gene product synthesized specifi-
cally in the prespore compartment as a result of transcription by of
(X) acts vectorially across the spore septum to trigger processing of
pro-c® only in the mother cell (178, 183). spollIE mutations, which
block the appearance of o activity (183) (Fig. 4), could act
additionally to prevent transmission through the septum of the
putative signal from oF (not shown here). o is known to direct the
transcription of a number of genes, as shown (Table 1). The positive
and negative regulatory effects of one of the genes in the oF regulon,
spollID, are also shown (Tables 1 and 2); the effects of spollID
mutations on expression of spolIM and spolVCA have not been
reported. The numbers to the right refer to the classes of gene
expression defined in Table 2. spolVCB is starred because its
promoter is also transcribed by ¢® during the later stages of
sporulation, and it was therefore placed in a separate dependence
class (class 9) in Table 2.

which inhibits septation at a relatively late stage (compared
with the time at which FtsZ acts), has only a slight effect on
a® activity (146).

The notion of coupling the activation of gene expression to
the formation of a morphological structure (168, 273) is
attractive because it would provide an effective means both
of coordinating the genetic program with morphological
development and of establishing temporal control over pre-
spore-specific and mother cell-specific gene expression.
However, as discussed below, it is possible that the early
stages of sporulation involve a series of intercellular signals,
which play crucial roles in ensuring that the two sister cells
achieve their different determined states. If so, it would be
expected that mutations or treatments that prevented inter-
cellular communication across the septum would interfere
with subsequent gene expression.

Dependence of oF Activity on oF

An appraisal of the collections of genes known to be
controlled by oF and oF leads to the inescapable conclusion
that they act more or less concurrently after septation, o©
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directing transcription in the mother cell and o directing
transcription in the prespore (72). Paradoxically, the results
of earlier epistasis experiments had suggested that the two
sigma factors act sequentially. Thus, nonsense mutations in
the spolIAC gene encoding o [spollAC(N) mutants] were
found to block not only prespore-specific gene expression
but also processing of pro-oF (72, 145). However, missense
mutations in spolIAC [spolIAC(P) mutants [129]) behaved
quite differently; usually they abolished the transcription of
c*-dependent genes but not pro-¢F processing (72). More-
over, mutations in the spollIE gene can also abolish pre-
spore-specific gene expression by of without having a de-
tectable effect on o~-dependent gene expression in the
mother cell (Table 2). (It should be noted that the spollIE
effect is complicated by a strange chromosomal position
effect, the physiological relevance of which is not yet clear
[280, 281].) There are two ways to explain these results:
processing of pro-oF could require oF but not necessarily in
a form that is transcriptionally active, or an exceedingly
small amount of a ¢F-dependent gene product could be
sufficient to trigger almost wholesale processing of pro-o=.
On the basis of the dependence of pro-o© processing on
activity, Losick and colleagues (178, 183) have suggested the
following sequence of events. Soon after septation, o
activity is released in the prespore by an as yet undefined
mechanism presumably involving the SpolIAA and SpolIAB
proteins. This results in the transcription of a gene whose
product acts vectorially across the spore septum to trigger
pro-o® processing in the mother cell (Fig. 5). This model is
very attractive because it explains the mother cell specifici
of ¢&, although it does not address the localization of
activity.

The establishment of differential gene expression by the
segregation of oF and oF activities after septation has been
reviewed in more detail elsewhere (72, 178).

oF and Determination of Cell Fate

From the arguments presented above, it seems that the
prespore-specific activation of o could be crucial in deter-
mining the developmental fates of both prespore and mother
cell. Clearly, the initiation of the prespore and mother cell
programs of gene expression in the correct cellular compart-
ments is crucial to the success of sporulation. Triggering of
mother cell development is inherently risky because it cul-
minates in cell lysis, which is lethal for the whole organism
unless it occurs in conjunction with a fully committed
prespore program in the adjoining cell. It is equally impor-
tant that the prespore program be undertaken only with the
active participation of the fully determined mother cell
compartment. An exceedingly sensitive but accurate signal
from prespore to mother cell after septation, such as the one
postulated to lead from active o* to pro-¢® processing (178,
183) (Fig. 5), could play a crucial role in the determination of
cell fate during sporulation.

STAGE 11 TO III

Soon after septation, the chromosomes of the prespore
and mother cell embark on different programs of gene
expression as a result of the segregation of the activities of
the key transcription factors, o© and oF. The next part of the
review focuses on the general functions of these two tran-
scription factors and the ways in which they initiate the
differentiation of prespore and mother cell. We shall see that
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there are many more genes known to be transcribed by Eo®
in the mother cell than by Eo¥ in the prespore.

oF and Determination of Cell Fate

Mutations in genes that allow progress to the septation
stage but then prevent synthesis of mature oF, such as
mutations in the spolIGB gene itself, lead to a phenotype
known as abortively disporic, in which a sporelike septum
forms at both ends of the preseptational cell (Fig. 1). Both of
the small polar compartments contain a chromosome, leav-
ing an anucleate central compartment (250). The timing of
septum formation in such mutants has recently been mea-
sured in two different ways: indirectly, by observing nucle-
oid segregation to the poles of the cell (210), and more
directly, by electron microscopy of thin sections (67). The
results indicate that one septum is usually completed before
the other is started. This suggests that in wild-type cells the
asymmetric septum is formed in at least two stages. The first
involves the relocation of the sites of septum formation to
the poles of the cell. It appears that there are potential
septation sites near each pole at this stage. Asymmetry is
then generated by a mechanism that somehow allows initia-
tion to occur at one of these sites before the other. Perhaps
this could be due to a limiting amount of some essential
component such as the FtsZ septum initiation protein (15,
303). It does not seem to involve a choice based on DNA
strand asymmetry (79). The second stage involves a block to
the second potential division site that is triggered in some
way by the completion of the first septum. Since the abor-
tively disporic phenotype correlates with the absence of o&
(129) and since oF synthesis is thought to be coupled to the
formation of the spore septum (see above), it seems likely
that oF directs the synthesis of an inhibitor of septation (210,
271). Mutations in the gene encoding such an inhibitor would
be expected to give an abortively disporic phenotype with-
out disrupting o activity, but no such mutations have yet
been found.

In addition to their effect on cell morphology, spollG
mutations cause an increase in the initial rate of expression
of the gpr gene, a prespore-specific gene transcribed soon
after septation by Eo¥ (see below). This may be significant
because it raises the possibility that in abortively disporic
cells oF becomes active in both small compartments. If this
is true, oF also has a role in cell determination by preventing
the large compartment from entering the prespore develop-
mental program (210). Whether this occurs indirectly, as a
consequence of preventing the formation of the second small
compartment, or by a more direct effect on oF activity is not
yet clear.

oF and Engulfment

Following the completion of the spore septum and the
establishment of oF and oF in the mother cell and prespore,
respectively, development proceeds by the engulfment of
the prespore within the cytoplasm of the mother cell. This
remarkable process is unique to bacterial endospore forma-
tion, although it superficially resembles phagocytosis in
eukaryotic cells. The functions required for engulfment are
poorly characterized, and the physical process has not been
investigated in any detail. It might involve the action of a
specific protein that mediates membrane fusion. The mem-
brane movements could be driven by hydrostatic pressure,
for example by changing the relative osmolarities of the two
cells, given that the total volume of the cell pair is fixed by
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their common cell wall. There is also a substantial increase
in the total membrane surface area during progression from
stage II to stage III, so engulfment may require an increase
in phospholipid synthesis or maintenance of the rate of
phospholipid synthesis coupled with a reduction in cell wall
elongation.

In contrast to the lack of progress in understanding the
biophysics of engulfment, the study of mutant phenotypes
has been fruitful. It is now recognized that engulfment
proceeds in several discrete steps, each requiring at least one
specific gene product (129). Some of the components neces-
sary for the earliest steps of engulfment are expressed before
septation. Thus, spolIB spoVG double mutants fail to
progress beyond the completion of the spore septum (stage
Ili [Fig. 1]) (184). These genes apparently encode partialty
redundant functions involved in the earliest stage of engulf-
ment (184). At least one oF-dependent gene must also be
required for the initiation of engulfment because spollG
mutants (which eliminate o) not only fail to block the
second polar septum but also fail to show any further
development of the first septum beyond its completion (129).

Engulfment appears to begin with PG hydrolysis near the
central part of the septal disc. This is accompanied by
bulging of the two now closely opposed membranes into the
mother cell cytoplasm. Mutations in the o®-dependent
spolID gene cause a morphological block at this intermedi-
ate stage (stage Ilii [Fig. 1]). Since these mutants do not
complete the hydrolysis of the septal PG, it seems that
discrete functions may be needed for the onset and the
completion of septal PG hydrolysis. Completion of septal PG
hydrolysis allows the edges of the septum to begin to migrate
toward the proximal pole of the cell (stage Iliii). Since
certain mutations in the gene encoding o can develop as far
as stage ITiii (those which allow pro-o® processing [see
above and reference 129]), it seems likely that at least one
other function necessary for the transition from stage IIi to
Ilii is dependent on a gene controlled by ¢=. Finally, the
edges of the septal membranes meet at the pole of the cell
and fuse, completing the engulfment of the prespore within
the mother cell cytoplasm (stage III). Since this final step is
prevented by the spolL4C(P) mutations (129), it is possible
that a oF-dependent gene is necessary for the completion of
engulfment, but it is also possible that the effect on engulf-
ment is due to a reduction in the concentration of a o"-
dependent gene product in these mutants. It should be noted
that mutations in spolllE, which block prespore gene ex-
pression but have no apparent effect on o®-dependent gene
expression (Table 1), allow engulfment to be completed
(221).

A number of other classes of genes begin to be activated
during stage II to III of sporulation. Most of these will be
discussed below in sections on specific events associated
with the later stages of sporulation.

o®-Dependent Extracellular Enzyme Production

The production of extracellular degradative enzymes has
already been mentioned during the discussion of the initia-
tion of sporulation. The secreted proteins presumably play a
scavenging role, increasing the availability of nutrients under
starvation conditions. Several such enzymes, particularly
amylases and proteases, are synthesized soon after the onset
of sporulation. Most of these enzymes are also synthesized
under stationary-phase conditions that do not favour sporu-
lation. However, at least two different extracellular enzymes
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are synthesized at an intermediate stage of sporulation, as
part of the oF regulon.

APase. Several distinct genes encode proteins with alka-
line phosphatase (APase) activity (16, 125, 150). Some of
these are required for the production of this enzyme in
vegetative cells starved for phosphate, and there are distinct
forms differing in their localization, e.g., cell bound or
secreted. During sporulation, one or more proteins with
APase activity appear during stage II (304) and the onset of
APase synthesis coincides with the activation of several
o=-dependent genes (130, 209). The activity also behaves, in
the presence of a range of spo mutations, as if it has a simple
o"-dependent promoter (4, 72, 74, 221, 301). About 50% of
the sporulation APase is now known to be produced by the
phoAIII gene, which has been cloned and characterized (16).
This gene has two promoters: P, is active in vegetative cells
starved for phosphate; P is specific to sporulation. Promoter
P, bears some resemblance to the oF consensus. The gene
responsible for the remaining sporulation-specific APase has
not yet been identified.

DNase. Akrigg (3) has described a 12-kDa extracellular
DNase that has a very similar dependence pattern to that of
APase, although its expression begins somewhat later than
that of APase (4). The delay in appearance of the activity
could be due to the action of a DNase inhibitor (225). A gene
capable of encoding a nuclease of about the appropriate size,
nucB, has recently been cloned (300). Immediately upstream
of the putative translation initiation site are sequences very
similar to those of other o®-dependent genes.

The fact that the mother cell seems to be specifically
concerned with the secretion of various enzymes empha-
sizes the functional differentiation of the two cells.

oF Regulon: Transcriptional Modulation
by the SpollID Protein

Many of the genes of the oF regulon that are active soon
after septation seem to be subjected to an additional level of
transcriptional regulation that may serve to fine-tune their
timing, their levels of expression, or both, in accordance
with the requirements for their products. The spollID gene
encodes a small (11-kDa) DNA-binding protein with a helix-
turn-helix motif (162, 164, 268). As summarized in Table 2,
SpollID can exert positive or negative control over the
expression of various genes in the o regulon. Although
spollID is undoubtedly expressed at least initially by Ec™
and SpolIID controls the expression of many oF-dependent
genes, its effects on transcription in vitro were first observed
in conjunction with Ea® (162). The possibility that SpoIlID
continues to act in the later part of mother cell development
is discussed below.

We have previously suggested that SpollID may act as a
simple time switch, dividing the genes of the o regulon into
separate temporal classes (64, 130). Because the spollID
gene has a partial requirement for its own product (164, 268),
full expression of the spollID gene is delayed by 10 or 20 min
compared with that of other o®-dependent genes (Table 1).
Therefore, other genes that require SpollID (e.g., spoVK)
show a similarly delayed onset of expression. Conversely,
genes repressed by SpollID begin to be transcribed as soon
as o© appears but their expression is transient because they
are shut down when enough of the SpollID product has
accumulated. This simple mechanism results in the division
of the oF regulon into three distinct temporal classes, as
shown in Table 2. Class 3 genes, exemplified by spollD,
begin to be expressed as soon as oF activity appears. Class
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4 genes, e.g., spolllA, become active at the same time, but
their expression is relatively transient. Class 5 genes, e.g.,
spoVK, are delayed in their expression for a short period
until sufficient SpollID has accumulated. Thus, the main
role of SpolIID may be to optimize the temporal expression
of individual genes in the ag regulon (and probably the o®
regulon [see below]).

General Role of o¥

Soon after the spore septum is completed, o*, formed in
the preseptational cell, becomes active specifically in the
prespore, but surprisingly little is known about the genes
that it controls. In fact, only two genes are known to be
transcribed by Ec* in vivo, gpr and spolllG (183, 211, 247,
280, 284). This contrasts with the early phase of mother cell
development, in which more than 10 genes transcribed by
Eo* have now been characterized (see above; Table 1). This
may reflect the different developmental fates of the two cells.
The prespore represents a germ line cell: eventually it must
be capable of dedifferentiation into a vegetative cell via the
processes of germination and outgrowth. This requirement
may severely limit its degree of specialization. In contrast,
the mother cell has no such restraints: it exhibits terminal
differentiation and could, in principle, devote all of its
resources to the maturation of the spore. It may thus be that

controls genes involved in a general adaptation for the
stationary phase. Circumstantial evidence supports this no-
tion. The spolIAC gene encoding oF is extremely toxic in E.
coli (318, 319). This toxicity may be due to the inappropriate
expression, during growth, of genes that are normally ex-
pressed only during the stationary phase of E. coli: prelim-
inary experiments show that E. coli contains an RNA
polymerase that can direct transcription from the spolllG
promoter (78). Conservation of a regulatory system control-
ling a general response to stationary phase would make
sense from the evolutionary point of view because the
problems associated with starvation are faced by all bacterial
cells and surely predated the evolution of spore formation.
Clearly, this suggestion should be tested by the isolation and
characterization of more oF-dependent genes. The functions
and regulation of the two known of-dependent genes, gpr
and spollIG, will be discussed in detail below.

o AND TRANSITION TO THE LATE PHASE OF
PRESPORE DEVELOPMENT

About 2 h after the initiation of sporulation, engulfment of
the prespore is complete and synthesis of 0, the product of
the spolllG gene, begins. This results in the activation of a
battery of genes, the o regulon, whose products effect
numerous changes in the physiological and biochemical
properties of the spore. The formation of active ¢ seems to
be regulated in at least three different ways.

Transcriptional Regulation of spollIG

The spolllG gene lies in a curious position immediately
downstream of the spollIG operon, which encodes the early
mother cell sigma factor, oF (151, 192). Indeed, transcription
from the spolIG promoter, which is active in the presepta-
tional cell, reads through into the spolIIG gene (192, 280).
However, it is not clear whether this transcription serves
any important purpose, because transcription from this
upstream promoter is not necessary for efficient sporulation
(155), and it appears that secondary structure in the mRNA
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FIG. 6. Regulation of o synthesis and activity. Transcription of
the spollIG gene occurs predominantly from a promoter recognized
by EcF and is thus rendered prespore specific (183, 209, 211, 247,
283). The strong effects of mutations in the spolIG gene on tran-
scription of spolllG suggest the existence of an additional form of
transcriptional regulation that is somehow controlled by events
occurring in the mother cell (209). This is depicted by an as yet
unknown gene, Y, transcribed by EoF in the mother cell, which is
shown acting across the spore septum to control spollIG transcrip-
tion. o€ also seems to be regulated at a posttranscriptional level
(178, 272). Thus, the gene is transcribed, but o activity is blocked
or reduced, in the presence of several different classes of mutation.
Some of these mutations lie in mother cell-specific genes controlled
by oF; at least one lies in the vegetatively expressed gene spolllJ
(Table 1). The signal apparently leading from mother cell to prespore
(perhaps via SpollIlJ) could provide an important means of coordi-
nating gene expression in the two cells, and/or it could delay the
onset of o€ activity until some structural feature of the developing
organism is completed, for example, prespore engulfment (178, 272).
In either case, the delay in o€ activity suggests the existence of an
inhibitor, and the SpolIAB protein (unshaded, as it is synthesized in
the preseptational cell) is a good candidate for this factor (90, 227,
272). The appearance of active o leads to the expression of a
number of prespore-specific genes, as shown. The gpr and spollIG
genes are starred because their promoters are also recognized by
Eof in vitro and in vivo (183, 211, 247, 283, 284). The number 8 to
the right indicates that these genes (other than gpr and spolllG)
were denoted class 8 in Table 2.

prevents translation of spollIG from mRNA molecules ini-
tiated at the upstream start site (192, 280).

The major transcription start site for spolIIG can be used
by o* both in vitro and in vivo (211, 247, 280) and gives rise
to mRNA that is translated to give o (Fig. 6). The promoter
is also recognized by RNA polymerase containing ¢©, the
product of its own gene, but with lower relative affinity (280).
Transcription from this promoter begins at about 120 min,
after prespore engulfment is complete (88, 209). This time
coincides with strong transcription of the other known
oF-dependent gene, gpr, but is about 40 min later than an
early weak phase of gpr expression, which is presumed to
represent the onset of oF activity in the prespore (183, 209).
The spolllG promoter also differs from the gpr promoter
with respect to the effects of spolIG mutations (209). These
enhance the early phase of gpr expression (see above) but
abolish transcription of spollIG (Table 2). It thus seems that
spollIG is subject to at least one level of transcriptional
regulation that does not act on gpr. The effect of spollG
mutations is particularly interesting because the spollG
operon is responsible for the synthesis of o=, which operates
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specifically in the mother cell. This again implies the exis-
tence of an intercompartmental signal coordinating develop-
ment in the two cells (Fig. 6).

Control of o© Activity

The ability of both Ec™ and Eo© to transcribe from the gpr
and the spollIG promoters obscures our understanding of
their regulation. Although somewhat conflicting results have
been reported, mutations in the spolIIG gene, abolishing o©
synthesis, probably reduce expression of both gpr and
spollIG by about twofold (88, 151, 209, 281). The straight-
forward explanation for the reduction in transcription would
be that it reflects loss of the contribution to transcription
normally made by Eo®. However, there are reasons for
doubting this interpretation. The effect of spollIG mutations
on transcription of these genes is apparent at 120 min, but
the activation of strictly o°-dependent genes, such as sspB
and spolVA, does not begin until about 150 min (i.e., 30 min
after spollIG transcription begins), suggesting that o activ-
ity does not appear until this time (209). In other words, the
spollIG mutation appears to have an effect on the transcrip-
tion of its gene 30 min before o activity would normally
appear.

One way to reconcile these observations would be to
suppose that ¢F and ¢ compete for an inhibitor: the product
of the spolIAB gene is known to be capable of inhibiting both
proteins (227) (see above). Until 120 min, SpolIAB would be
inhibiting only oF. The onset of ¢ synthesis could then
enhance transcription of oF-dependent genes, such as gpr
and spollIG itself, by competing for the inhibitor of o* rather
than by acting directly as a transcription factor. Such an
effect would not be surprising given the closely related
primary sequences of ¢© and ¢ (66). Thus, ¢ could be
primarily responsible for transcription of spolllG.

A second reason for supposing that ¢ might be regulated
at a posttranscriptional level arises from the observation that
mutations in several genes block or severely reduce the
expression of genes in the ¢ regulon but have relatively
mild effects on the transcription of spollIG itself (272) (Table
2). In terms of dependence interactions, these genes have
very similar effects to mutations in spolllG itself, as if their
main effect is to eliminate o activity.

The genes in this class vary considerably in terms of their
regulation and the phenotypic effects of mutations (Table 1;
Fig. 1). Mutations in spollB (together with spoVG; see
above), spolID, and spolIM block sporulation prior to
engulfment (36, 184, 240, 317): mutations in the other genes,
spollIA and spolllJ, allow engulfment to be completed
(stage IIT) but permit no further progress (68, 221, 273).
spolll] is expressed predominantly in vegetative cells.
spolIB and spoVG are members of the o** regulon and thus
are expressed in the preseptational cell. spolID, spolIM, and
spollIA are probably expressed specifically in the mother
cell, being members of the oF regulon. All the genes have
been sequenced, at least in part. The predicted spolIB and
spolID proteins share sequence similarity to genes involved
in PG metabolism (167, 171, 184), which would be consistent
with their apparent roles in the early stages of engulfment.
The spolIM product is extremely hydrophobic, suggesting
that it is an integral membrane protein, but it exhibits no
significant similarities to known proteins in the sequence
data bases (317). The predicted protein product of the
spolllJ gene is also rather basic and hydrophobic, and it is
probably a lipoprotein (68). This could result in some of the
protein’s being positioned between the spore membranes
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after engulfment, where, in principle, it could influence
transactions between the two cells. The spolllA4 locus com-
prises a large operon containing at least four genes (130).
DNA sequence analysis indicates that some of the products
may be membrane associated, and the first gene has consen-
sus-binding sites for nucleotides such as ATP (130, 131).

There are several ways to explain the effects of these
mutations. On the basis of the requirement for several
o"-dependent genes, it appears that the onset of the late
phase of prespore development is coupled in some way to
events in the mother cell, not only (as described above) at
the level of spollIG transcription but also at the level of o©
activity. Perhaps, in extension of the above discussion, this
occurs via the SpolIAB protein, as shown in Fig. 6. The
effects of the mutations on morphological development have
prompted Stragier (272) to suggest that the activation of o©
is mechanistically coupled to the completion of engulfment
in a manner reminiscent of the proposed role for the spore
septum in the processing of o (see above). The completion
of engulfment certainly has a wvariety of effects on the
physiology of the prespore, since its cytoplasmic membrane
no longer communicates directly with the external medium.
Mutations blocking engulfment of the forespore would obvi-
ously prevent these dramatic changes from occurring. If the
activation of o° were coupled to one of these changes, the
effects of the mutations preventing engulfment would be
explained. Given the topological position of the prespore
inside the mother cell cytoplasm, it seems likely that the
prespore may require specific biochemical channels to main-
tain its biosynthetic capability during the late stages of
development, especially under the circumstances of starva-
tion. A less specific explanation for the effects of mutations
in genes such as spolll4A and spolllJ would be that their
products are required to maintain the general metabolic
activity of the prespore. Loss of such functions might lead to
a general reduction of prespore-specific gene expression
(128). Indeed, all of the mutations in this class affect the
morphological development of the cell, and some of the
mutants exhibit abnormal morphology by the time spollIG
transcription normally begins. Thus, relatively nonspecific
explanations for the effects on gene expression should not be
ruled out. Nevertheless, it seems possible that another
specific intercellular interaction couples the activation of o©
in the prespore to the mother cell program of gene expres-
sion.

Later Temporal Class of Prespore Gene Expression?

Most of the well-characterized prespore-specific genes are
turned on simultaneously at about #, s as a result of the onset
of o© activity (Table 1). However, three genes may belong to
a later class of gene expression. The 0.3 kb gene (now called
sspF [see below]) is expressed about 1 h later than other
known o®-dependent genes (208). The sequence upstream of
the sspF gene resembles those of other o®-dependent pro-
moters only loosely. However, expression of sspF is in-
duced, albeit after a short delay, by synthesis of ¢© in
vegetative cells (208), suggesting that it could be transcribed
by Ec® in conjunction with some other factor.

Recent results suggest that a gene lying immediately
upstream of the spoll4 operon, which appears to encode a
low-molecular-weight penicillin-binding protein PBP (dacF
[see below]) may be regulated in a similar way to the sspF
gene (310). Its putative promoter sequences closely resemble
those of sspF, and it is expressed relatively late in sporula-
tion (310). The spolVB gene (see below) also appears to
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exhibit delayed prespore-specific transcription, but its pro-
moter sequences are rather similar to those of other -
dependent genes. No factor capable of modulating the tran-
scription of prespore-specific genes has been found so far, so
the molecular basis of these effects is unknown.

FUNCTIONS OF GENES IN THE o REGULON

More than a dozen genes belonging to the o regulon have
now been characterized. What are their functions, and how
do they contribute to the biochemical and morphological
maturation of the prespore?

ssp Genes: Resistance to UV and Storage of Amino Acids

At least six genes controlled by 0© encode SASPs found in
the spore core. The structure, synthesis, genetics, function,
and degradation of the SASPs have been comprehensively
reviewed by Setlow (254, 255). Two distinct classes of SASP
have been distinguished. The smaller a/B-type SASPs, form
a multigene family with a high degree of sequence conser-
vation both between different genes in the same organism
and between organisms. In B. subtilis, four genes encoding
o/B type SASPs have been cloned (sspA through sspD).
They are monocistronic and map at different chromosomal
locations (35). The y-type SASPs are slightly larger (molec-
ular weight 8,000 to 11,000 compared with 5,000 to 7,000 for
the a/B class) and are invariably encoded by a single gene
(sspE in B. subtilis). Recently it has been recognized that the
0.3 kb gene (see above), originally cloned on the basis of its
abundant long-lived mRNA (265), encodes a protein closely
related to the SASPs (254). It is proposed to redesignate this
gene sspF, although its functional relationship to the other
ssp genes is not yet clear. All of the SASPs have a short
conserved sequence recognized by a specific protease en-
coded by the gpr gene. (Strictly, the gpr gene could be
regarded as belonging to the ¥ regulon, and its promoter has
already been discussed above in this context.) The synthesis
of this protein poses an interesting problem because its
action must be regulated so that degradation of the SASPs
begins only after germination. The protease seems to be
synthesized as an inactive precursor with a molecular mass
of 46 kDa, which is cleaved to a 41-kDa form during later
sporulation and to a 40-kDa form during germination (110,
174). Both of the lower-molecular-mass forms have protease
activity in vitro, so it is not yet clear how premature
destruction of the SASPs is avoided. Cleavage of the SASPs
by this protease during spore germination initiates a rapid
and complete degradation of the proteins, supplying a ready
source of amino acids for protein synthesis during out-
growth. A major function of the SASPs is thus probably to
act as amino acid storage proteins (254).

No function other than amino acid storage has yet been
found for the y-type SASPs, but the o/f type SASPs are
associated with the spore nucleoid (91). Their binding to
DNA (196, 205, 249) causes an increase in negative super-
helicity (205, 206) and a B- to A-form transition (196) and
contributes to the resistance of spores to UV irradiation and
possibly to heat (189, 190, 251).

As discussed above, the ssp genes are all transcribed by
the o€ form of RNA polymerase, but additional levels of
regulation are likely (254). Increasing the gene dosage of an
o/B-type ssp gene results in increased production of both its
mRNA and its gene product, with a corresponding decrease
in the mRNA and protein levels of the other major SASPs,
so that the total level of o/B-type SASPs remains more or
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less fixed. This suggests feedback regulation of transcrip-
tion, perhaps mediated by the binding of the a/B-type SASPs
to DNA. Increased dosage of neither an a- nor a B-type ssp
gene had an effect on the y-type SASP gene, sspE. Increas-
ing the dosage of the sspE gene, in contrast, caused in-
creased accumulation of mRNA but no increase in the
protein level. This result suggests feedback regulation at the
level of translation, but the molecular nature of these effects
remain to be clarified.

Germination Genes of the Prespore

The properties of dormancy and resistance that typify
bacterial endospores would be useless without some system
for detecting when the environment is suitable for germina-
tion and the resumption of vegetative growth. At least three
operons controlled by © are essential for spore germination
(see reference 198 for a recent review of germination genes).
The properties of at least two of these operons suggest that
they encode systems that receive an environmental signal
and transduce this information to the mechanism controlling
spore germination.

gerA. gerA is the best-characterized cluster of germination
genes. It consists of an operon containing three genes,
gerAA, gerAB, and gerAC, encoding products of 480, 364,
and 373 amino acids, respectively. Mutations in any one of
these genes cause a defect specifically in the germination
response to L-alanine (237, 328). Each of the predicted gene
products has sequences characteristic of proteins that are
associated with membranes, suggesting that the three pro-
teins form a membrane complex, presumably located in the
inner prespore membrane (82, 328). The way in which the
putative receptor complex senses L-alanine and transmits
this information to the germination apparatus is unknown.

gerB. Nucleotide sequence analysis indicates that the gerB
locus is closely related to gerA, encoding three genes of
similar size and amino acid sequence (38). Mutations in gerB
cause a defect in the germination response to a mixture of
asparagine, glucose, fructose, and KCl (AGFK). Presum-
ably, the GerB proteins act in much the same way as their
counterparts in the ger4 operon.

spoVAF. The distal part of the o®-dependent spoVA
operon (see below) contains an open reading frame encoding
a protein very similar to those encoded by the ger44 and
gerBA genes (67). The reading frame actually overlaps the
spoVAE gene by about 30 residues, so it is not clear whether
this gene is part of the spoVA operon or is separately
regulated. There do not seem to be homologs of the second
and third genes of the ger4 and gerB operons downstream.
A mutation inactivating the spoVAF gene has been engi-
neered (67), but no specific germination defect has yet been
identified (152). The finding of three operons with related
genes raises the possibility that the spore contains a collec-
tion of receptor complexes responsible for the responses to
different germinants.

gerD. A germination gene affecting a later stage of germi-
nation, gerD, is also known to belong to the o regulon
(153). It encodes a single polypeptide that is essential for
germination via the AGFK pathway and is required for the
alanine response under certain conditions.

The functions of several other o®-dependent genes will be
discussed in later sections.
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CONTROL OF o SYNTHESIS AND TRANSITION
TO THE LATE PHASE OF MOTHER
CELL DEVELOPMENT

The final stages of sporulation are controlled by a fourth
sporulation-specific sigma factor, o®. Its synthesis results in
activation of various genes that contribute to the final
maturation and release of the spore, particularly those
encoding the proteins that contribute to the synthesis and
assembly of the protective layers of cortex and coat. Be-
cause these structures effectively seal off the prespore from
the mother cell, the timing of o’z synthesis is crucial. Thus,
again, the regulation is complex, and one facet involves an
intercellular interaction.

Regulation of o Synthesis

Transcriptional regulation of sigK. o synthesis is regu-
lated at three distinct levels (Fig. 7). The first involves
transcriptional regulation. The promoter of the sigK gene
encoding o® is recognized initially by EcF, acting in con-
junction with the SpolIID positive regulator (see above).
This ensures that transcription begins only after the appear-
ance of o and the accumulation of sufficient SpollID
protein. However, this mode of transcription probably ac-
counts for a relatively minor proportion of total sigK expres-
sion. The main phase of transcription is probably mediated
by o* itself, again in conjunction with SpolIID (162, 166).
This is not as surprising as it might seem, because o* and
o*, like their counterparts in the prespore, oF and ¢, are
closely related and have very similar recognition properties
(reviewed in reference 66).

Site-specific recombination and role of spolVCA. A second
level of regulation that is exerted over o synthesis involves
a remarkable DNA rearrangement that takes place specifi-
cally in the mother cell (275) and is mediated by a site-
specific recombinase encoded by the spolVCA gene (165,
242). This brings together two partial coding sequences,
originally defined by mutations designated spolVCB and
spollIC, which lie more than 40 kb apart on the vegeta-
tive chromosome. The intervening DNA, called skin (sigK
intervening element [165]), which includes the spolVCA
recombinase gene, is excised as a circular DNA molecule
(165). This event is developmentally regulated and occurs
specifically in the mother cell compartment, at least partly
because of the transcriptional regulation of spolVCA (242).
Although this extraordinary event could clearly exert
very tight control over oX synthesis, it is probably not
essential for sporulation, for two reasons. First, some
closely related bacilli do not have the rearrangement (1).
Second, strains genetically engineered to contain the rear-
ranged gene, sigK, sporulate normally, and they are ren-
dered independent of the recombinase gene and of both
partial genes (165). Presumably the skin element is a relic of
a defective prophage or transposable element. Because the
rearrangement occurs specifically in the mother cell, it is not
inherited by any descendent cells. Vegetative cells and
prespores therefore contain the uninterrupted form of the
sigK gene.

Pro-o® processing. In addition to the two levels of regu-
lation already mentioned, a third level of regulation of o
synthesis has been uncovered. Like oF, its closely related
predecessor in the developmental program, oX is synthe-
sized as an inactive precursor, which is activated by proteo-
lytic cleavage of an N-terminal pro sequence of 20 amino
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FIG. 7. Regulation of ® activity. Synthesis of o™ is controlled at
three distinct levels. The sigK gene is formed by site-specific
recombination from two half genes, spolVCB and spollIC (165,
275). The reaction is catalyzed by SpoIVCA (165, 242). The hybrid
sigK gene is regulated at the transcriptional level, requiring the
mother cell-specific sigma factor ¢& and the SpolIID transcription
factor (162, 166, 297). Finally, the product is, like oF, an inactive
precursor requiring proteolysis (162, 180), which is probably cata-
lyzed by the SpoIVFB protein (40, 44). Proteolysis is regulated by
several proteins. The BofA and BofB proteins are negative regula-
tors present on the mother cell side (40, 44, 134, 230). The SpolVB
protein provides at least part of a signal emanating from the
prespore, which could coordinate gene expression in the prespore
with that of the mother cell (43). Arbitrarily, this protein is shown
antagonizing the inhibition exerted by BofA/BofB, but other forms
of interaction are possible. No attempt has been made to show the
possible membrane localization of several of the proteins, encoded
by bofA, bofB, spolVB, and spolVFB, but this could clearly be
significant. The formation of active oX leads to the activation of a
number of genes that determine the late Gphase of mother cell
development (Table 1). As in the case of o®, at least three of the
genes controlled by o™ are also transcribed by EoF, the preceding
sigma factor in this compartment, indicated by asterisks (89, 162,
323). Positive and negative regulatory effects exerted by the GerE
protein on various members of the 0_1"2' regulon are also indicated (8,
50, 239, 322, 323). The numbers are again those used for the
dependence classes in Table 2, except for spolVCB (starred), which
has complex regulation and was placed in a separate class (class 9).
Again, the effect of gerE mutations on the expression of genes in the
lower box has not been determined. The SpolIID protein may also
participate in the regulation of o®-dependent genes (162, 322) (see
text).

acids (40, 180). Processing is under complex control and is
abolished by mutations in a range of genes with diverse
functions (Table 2). Perhaps most interestingly, processing is
blocked by mutations preventing synthesis of active , the
prespore-specific sigma factor. In addition, several genes in
the oF regulon are required for processing, directly or
indirectly (180). The effects of mutations in some of these
genes, such as spolID, spolIM, and spolll4, could be
exerted, at least partially, through their effects on oS syn-
thesis or activity (see above).

The requirement for o in processing can be bypassed by
mutations in two genetic loci called bofA4 and bofB (bypass of
forespore [40]). bofB mutations lie in a o=-dependent, two-
gene operon, spolVF (44), and are missense or nonsense
mutations near the C-terminal coding part of the spolVFA
gene. More extensive deletions in this gene confer a temper-
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ature-sensitive asporogenous phenotype, and at the permis-
sive temperature they also cause a partial Bof phenotype.
The second gene in the operon, spolVFB, is essential for
sporulation, and mutations in this gene prevent pro-o
processing. To explain these effects, Cutting et al. (44) have
proposed that the SpoIVFA protein is an inhibitor control-
ling the activity of SpoIlVFB, which is in turn a prime
candidate for the pro-o® protease (although it exhibits no
obvious sequence similarity to known proteases). The tem-
perature-sensitive sporulation-defective phenotype caused
by null mutations in spolVFA can be suppressed by muta-
tions in spolVFB (44). Thus, the SpoIVFA protein must also
be needed for SpolVFB stability at higher temperatures,
suggesting a direct protein-protein interaction. Both proteins
have extensive stretches of hydrophobic amino acid resi-
dues, so they could be located in the outer prespore mem-
brane, in accordance with the idea that they may participate
in a signal transduction pathway leading from the prespore
(40). ,

Mutations in the bofA locus also relieve the requiremen
for most genes other than spolVF in processing (40). bofA
encodes a small, relatively hydrophobic protein that also
belongs to the oF regulon, but its precise role is not yet
known (134, 230).

As mentioned above, most of the mutations preventing
pro-o* processing could act via their effects on o€ activity in
the prespore, since they prevent the appearance of o°
activity and o is needed for processing. The spolVB gene
provides at least part of the link between events in the
prespore and pro-o® processing. Mutations in spolVB have
very similar phenotypic effects to those in spolVF or the
components of the sigK gene. They are blocked in the
synthesis of both cortex and coat (36, 43, 299). The predicted
spolVB product (299) has a molecular weight of about 46,000
and is highly basic, with an N-terminal hydrophobic domain
that could act as a signal peptide. A cysteine residue near a
possible cleavage site suggests that the protein could, like
GerM and SpolllJ, provide a lipoprotein attachment. In this
case, the SpolVB protein would be located between the
prespore membranes but attached to the inner membrane.
Here it could conceivably interact with the SpoIVF and
BofA proteins already implicated in the regulation of o™
processing (see above). The precise function of spoIVB is
not known, but it may not be dedicated simply to the
production of o™ in the mother cell because bypassing its
role in processing, e.g., by introduction of a bof mutation,
does not restore spore formation (43).

The regulatory pathway that couples o synthesis in the
mother cell to the activity of one or more genes in the
prespore represents yet another intercellular interaction
coordinating the development of the two cells. As mentioned
above, expression of spolVB seems to be delayed relative to
that of most of the genes in the o€ regulon (Table 1). This
further delay could be particularly significant because it
would contribute to the timing of mature o® synthesis in the
mother cell.

Synthesis of ¢ results in the activation of a number of
new genes in the mother cell, which bring about the forma-
tion of the major protective structures of cortex and coat.
The main function of the processing apparatus could be to
delay the synthesis of o™ until most of the genes in the o
operon have become active and begun to make the products
that carry out the final stages of maturation in the core of the
spore.
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DPA SYNTHESIS AND TRANSPORT

Function of DPA

Dipicolinic acid (DPA) is a small molecule that is found
almost exclusively in bacterial endospores, where it accu-
mulates to high concentrations. Its possible role in the
resistance of spores to heat has been the subject of consid-
erable debate. The best evidence in favor of such a role
arises from the experiments of Balassa et al. (10) with a
spoVF mutant, believed to be damaged in the gene encoding
DPA synthetase. This enzyme catalyzes the single reaction
necessary for the production of DPA from dihydrodipicolinic
acid, an intermediate in the lysine biosynthetic pathway (9).
The dpa-1 mutation results in spores that appear to be wild
type, but these have only about 10% of the wild-type content
of DPA and are heat sensitive. However, heat resistance can
be restored by addition of exogenous DPA, which is taken
up by an active process requiring energy (10). On the other
hand, there are reports of mutants that are almost devoid of
DPA but that nevertheless show considerable heat resis-
tance (see, e.g., reference 112). This has led to suggestions
that DPA may be important in the maintenance of the
dehydrated, resistant state of the spore protoplast (reviewed
in references 100 and 104).

DPA Synthesis

Although DPA accumulates in the prespore, its synthesis
appears to occur specifically in the mother cell at a relatively
late stage of development (5). This system thus represents an
interesting example of cooperation between the two differ-
entiating cells. A biological assay for DPA synthesis, based
on the restoration of heat resistance in a spoV’F mutant (10),
was used to monitor the effects of mutations in a range of spo
genes (69). The results were mainly consistent with the
expectation that DPA synthesis was dependent on o®. For
example, synthesis was undetectable in a spolV’C mutant or
in strains carrying mutations in genes such as spolVB and
spolVF, which are needed for processing of pro-o*. How-
ever, surprisingly, mutations in certain other genes that
prevent pro-o processing, spolll4, spolllE, and spolllJ,
albeit by acting at an earlier point in the dependence se-
quence, had no effect on DPA synthesis (69). Characteriza-
tion of the cloned spoVF locus (50) indicates that it consists
of on operon encoding two proteins, both of which are
required for DPA synthesis. Neither predicted protein shows
significant homology to known protein sequences in the
standard data bases. As expected, the operon is transcribed
from a o®-dependent promoter, and the dependence of
expression of the operon on various spo genes is consistent
with this interpretation. It thus seems that a small amount of
transcription of the spoVF operon (as would occur in the
presence of mutations that abolish pro-o™ processing) pro-
vides sufficient DPA synthetase activity to give a positive
result in the biological assay (50).

DPA Transport: Possible Roles for spoVA and spoVK

As stated above, DPA synthesis seems to occur in the
mother cell but DPA accumulates to high concentrations in
the prespore, apparently complexed with Ca®* (202). Most
probably, DPA is actively transported into the prespore and
Ca?* enters by facilitated diffusion (62). The entry of Ca®* is
probably enhanced by an uptake system in the mother cell
(122).
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Several spo mutants that synthesized but failed to incor-
porate DPA have been identified (221). Most of these were
stage V mutants. Several of these, spoVD, spoVE, and
possibly spoVB, probably have an indirect effect on DPA
incorporation through their specific roles in cortex synthesis
(see below). The remaining two, spoVA and spoVK, could,
in principle, have a role in DPA or Ca®* transport or both.

spoVA. The spoVA locus consists of a polycistronic
operon, comprising at least five genes (86). It is expressed in
the prespore beginning 2 to 3 h after the onset of sporulation,
and it belongs to the o© regulon (Tables 1 and 2). Mutations
in at least four of the spolVA4 genes abolish spore heat
resistance, but partial resistance to lysozyme and organic
solvents remain, in accordance with the presence of an intact
spore coat (75, 86 [see below]). The properties of the
predicted SpoVA proteins are compatible with the notion
that they form a membrane-associated complex (86); some
have stretches of amino acids that are rich in hydrophobic
residues or rich in basic residues. Clearly, detailed biochem-
ical analysis would be required to prove whether the SpoVA
proteins participate in Ca®*-DPA accumulation. :

spoVK (spoVJ). The spoVK locus was originally defined by
transposon Tn917 insertion mapping at 168° on the standard
genetic map (240). Recently, it was discovered that the
extensively characterized DNA cloned on the basis of com-
plementation of a mutation called spoVJ517 (119) actually
corresponded to the spoVK locus (81), the spoVJ mutation
having been incorrectly mapped to 250° (119). The pheno-
typic properties of spoV’K mutants are very similar to those
of spoVA mutants (75, 81), again suggesting a possible role in
DPA transport. However, in contrast to spoVA, spoVK
expression occurs in the mother cell (Table 1). Interestingly,
this gene is transcribed from dual promoters recognized
respectively by oF and o™ (89). As with the cotE gene (323),
this could serve to maintain the level of spoV’K expression
during the early and late phases of mother cell development.
The spoVK locus encodes a single protein that contains an
ATP-binding motif; conceivably the protein could use ATP
hydrolysis to drive the uptake of Ca®>* or the transport of
DPA into the prespore.

CORTEX SYNTHESIS

The spore cortex is one of the two most obvious morpho-
logical structures of the mature spore. It has been suggested
that the cortex is responsible for either the establishment or
the maintenance of the dehydrated state of the prespore,
which contributes to some of the resistance properties of the
mature spore, particularly to heat (reviewed in references
100 and 104). The cortex consists of PG whose structure is
only slightly different from that of the PG in the vegetative
cell wall. Cortex synthesis is likely to be, in the main, a
function of the mother cell because it occurs on the inner
surface of the outer prespore membrane. This is topologi-
cally equivalent to the site of normal cell wall synthesis on
the outside of the cytoplasmic membrane of vegetative cells.
Presumably, the precursors of cortex synthesis are the same
as those used in vegetative PG synthesis. However, sporu-
lation-specific proteins are likely to be involved in producing
the modified PG of the cortex. Several genes belonging to the
oF and o® regulons have been implicated in cortex synthesis
because mutations in them produce fairly specific defects in
cortex synthesis. Other genes are beginning to be identified
on the basis that they encode proteins known to be involved
in the final steps of PG synthesis, in particular the PBPs.
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spo Genes Involved in Cortex Synthesis

spoVD and spoVE. Two spo genes implicated in cortex
synthesis on the basis of their mutant phenotypes (221),
spoVD and spoVE, lie in a region of the chromosome that
contains a cluster of genes involved in cell wall synthesis and
cell division. The order of genes in B. subtilis is very similar
to a cluster of genes with similar functions in E. coli (Fig. 8).
The spoVD and spoVE products are closely related in amino
acid sequence (>30% identity) to the products of the E. coli
pbpB and ftsW genes, respectively, and their genes occupy
similar positions in the gene cluster (48, 126, 149). The
spoVD gene is regulated independently of the other genes in
the cluster and is both expressed and required only during
sporulation (48). Its product is homologous to that of the
DpbpB (ftsI) gene of E. coli, which is required specifically for
cross-wall synthesis (135). However, closely related pro-
teins, such as that encoded by the pbpA gene (PBP 2), are
involved in cylindrical wall synthesis (i.e., extension in the
long axis of the cell [for a review, see reference 194]). This
fact tends to support the idea that spoVD could be involved
in the synthesis of a sporulation-specific modified pepti-
doglycan.

The regulation of spoVE is unusual in that the gene is
embedded in an operon that is essential for vegetative
growth (49, 118). An additional o®-dependent promoter lies
immediately upstream of spoVE and presumably allows this
gene to be expressed during sporulation (117, 118). The
spoVE and ftsW products are very similar to the rodA
product (126, 149); mutations in these genes generate a
round phenotype, suggesting a role in the synthesis of the
cylindrical part of the cell wall (194). The ftsW mutations
seem to affect cross-wall synthesis (194). However, despite
the similar location of spoVE to ftsW, the spoVE product
does not seem to be needed for vegetative growth or division
(118). In fact, a stem-loop structure near the translation
initiation site of spoVE could act to prevent the translation of
spoVE mRNA initiated at the upstream promoter that is
active during vegetative growth.

spoVB (spollIF). Mutations in the spoVB gene give a
phenotype in which coat formation is well advanced but the
cortex is incomplete (124, 221, 224). The closely linked
spollIIF locus was defined on the basis of the spollIF590
mutation (169). However, the strain carrying this mutation is
now known to be a double mutant, whose major lesion lies in
spoVB and confers the same phenotype as the classic
spoVB9I1 mutation (224). spoVB has been sequenced; it
encodes a probable integral membrane protein of 518 amino
acids (224), but it does not exhibit an obvious homology to
genes known to be involved in cell wall metabolism. The
spoVB promoter has not been fully characterized, but it also
appears to belong to the o regulon.

spoVG. Mutations in the spoVG gene, which begins to be
expressed from the onset of sporulation (325), have a variety
of phenotypic effects, some suggestive of a role in PG
metabolism. Originally, deletion of the gene was reported to
cause a minor defect in cortex synthesis (234). More re-
cently, it has become apparent that spoV’G mutations also
act synergistically with spolIB mutations to prevent the
early steps of prespore engulfment (184; see above). Again,
this may be due to an effect on PG turnover, but the precise
biochemical defect caused by spoVG (or spolIB) mutations
is not yet known.

gerJ and gerM. Two genes originally identified by defects
in the intermediate stages of germination are now known
also to be involved in sporulation. gerJ mutants are defective
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FIG. 8. Comparison of the E. coli and B. subtilis chromosomes in regions containing conserved clusters of cell wall synthesis and cell
division genes. The information shown is derived in each case from more than 20 kb of contiguous DNA sequence. The DNA sequence of
this region of the E. coli chromosome has recently been compiled by Yura et al. (320). The B. subtilis DNA sequences were from references
11, 12, 21, 25, 48, 49, 113, 118, 126, 151, 161, 191, 192, 243, 260, and 274. Genes with obvious homologs in the other organism are shaded,
and broken lines are used to indicate the alignments. The sporulation-specific spoVD gene could have been derived by gene duplication and
divergence because both it and the pbp2B gene immediately upstream are closely related to the pbpB gene of E. coli (21, 48). The spoVE gene,
however, occupies the position of the ftsW gene of E. coli, which is essential for cell division (126, 149). Two of the E. coli cell division genes,
ftsQ and ddl, do not seem to have homologs at the appropriate position in the B. subtilis chromosome. However, in the equivalent place lies
at least one division gene, divIB, for which an E. coli homolog has not yet been found (12, 113).

in cortex synthesis, although they produce normal spore
coats and accumulate DPA (302). The gene is expressed after
about 90 min. The defect in cortex synthesis and the time of
expression suggest that this gene could also belong to the o
regulon. gerM mutants are oligosporogenous. Some cells are
blocked at stage II with defective septa; the cells that
traverse stage II produce spores with minor defects in cortex
synthesis and heat resistance, as well as defective germina-
tion (238). The timing of gerM synthesis (¢, 5) and its role in
cortex synthesis again suggest that this gene may belong to
the oF regulon. Indeed, upstream of the translational start of
the gene are sequences closely resembling those of most
o"-dependent genes (261). The predicted product of gerM
would be a protein of about 21 kDa with no homology to
known proteins. Interestingly, near the N terminus is a
probable lipoprotein signal sequence, suggesting a location
for the protein between the spore membranes and anchored
to the outer membrane (261).

Penicillin-Binding Proteins

Binding of labelled penicillin has been used to identify a
collection of membrane proteins that participate in cell wall
synthesis in a wide range of bacteria (reviewed in reference
306). The PBPs can be divided into two major groups on the
basis of size. The low-molecular-mass PBPs (~40 to 50 kDa)
exhibit transpeptidase activity in vitro. The high-molecular-
mass PBPs (~60 to 140 kDa) have this activity and, in
addition, transglycosylase activity. Vegetative cells of B.
subtilis have a collection of PBPs, which superficially resem-
ble those of E. coli. Comparison of the PBPs of vegetative
and sporulating cells has led to the identification of several
proteins that are sporulation specific or that increase in
abundance during sporulation (263, 290).

PBP 2B and PBP 3. At least two high-molecular-mass
PBPs, PBP 2B and PBP 3, increase in abundance during
sporulation (263). The gene for PBP 2B lies immediately

upstream of spoV’D (21, 48) and could thus correspond to the
functional homolog of the pbpB gene of E. coli. If so, one
might expect it to be required for septum formation early in
sporulation. Thus, its possible role in cortex synthesis has
yet to be established. The gene encoding PBP 3 has not yet
been isolated to my knowledge.

dacB. A major low-molecular-mass PBP, called PBP 5a
(290) or PBP 5* (263), which is the major sporulation-specific
PBP, has been identified by two groups. As expected for a
low-molecular-mass PBP, this protein exhibits D-alanine
carboxypeptidase activity in vitro (289). The gene encoding
this protein, dacB, is expressed specifically during sporula-
tion, exhibits a dependence pattern suggestive of transcrip-
tion by Eo®, and has possible —10 and —35 promoter
sequences of the appropriate type (23). The protein product
is specifically associated with the developing spore (290), in
particular with the outer prespore membrane (24). Gene
disruption experiments indicate that this protein is necessary
for the formation of heat-resistant spores, in accordance
with a defect in cortex synthesis (22).

dacA. A closely related protein, PBP 5, is present in
vegetative cells and in the outer membrane of the forespore
(24, 290). Part of the gene encoding this protein, dacA, has
been cloned (291). Although one group has reported that
disruption of the dacA gene led to an altered sporulation
morphology and reduced heat resistance (291), more recent
results indicate that this gene is not required for sporulation
or vegetative growth (22).

Primordial Germ Cell Wall Synthesis

There is some evidence for a thin inner layer of cortex, of
slightly different composition, which is sometimes called the
primordial germ cell wall (PCW) (287). The existence of such
a distinct layer is well established in the closely related
organism B. sphaericus, for which it has been demonstrated
that the true cortex and the PCW are synthesized by
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TABLE 3. cot genes and their products and regulation

Effect of mutation on:

Mol mass Map Location

Gene (kDa)* position Lyspzyme Germination® of protein® Comments Reference(s)
resistance

cotA 65 52 + + o Also called pig; produces brown pigment of 56, 239
spores

cotB 59 290 + + o Closely related protein of 34 kDa 56

cotC 12 168 + + o Rich in tyrosine and lysine; closely related protein 56
of 18 kDa

cotD 11 200 + (+) I Contains several cysteine and methionine residues 56

cotE 24 (21) 145 - (+) I Absence of CotE blocks incorporation of various 54, 321
other coat proteins into the coat; outer coat
absent but inner lamellar coat more or less
normal; abundant highly cross-linked protein,
possibly with peroxidase activity

cotF 5, 8(19) 349 + + ? Protein soluble in alkali; 5- and 8-kDa products 42
generated by proteolytic cleavage of larger
precursor

cotT 7.8 (12) 108 + (+) I Only seven different amino acids present; rich in 8,17, 18

glycine, proline, and tyrosine; processed from
larger precursor

2 Observed molecular mass of protein. Molecular mass calculated from DNA sequence is shown in parentheses.

& 0, outer layer; I, inner layer.

¢ (+), slightly impaired germination (cotE); slow germination (cotD); impaired germination with AGFK but not alanine (cotT).

enzymes acting specifically in the mother cell and prespore,
respectively (288). The PCW is thought to act as the precur-
sor to the new cell wall following germination and out-
growth, whereas the cortex is degraded on germination. As
yet, no prespore genes involved in PCW synthesis have been
defined by spo mutations, perhaps because they are also
involved in vegetative PG synthesis. A gene apparently
encoding a third putative low-molecular-mass PBP, desig-
nated dacF, was recently found immediately upstream of the
spollA operon (310). Disruption of this gene had no effect on
sporulation, so if its product is involved in PCW synthesis,
its function must be redundant.

Cortex synthesis is evidently a complicated process in-
volving several genes. Some of the genes seem to have been
derived by duplication of genes known to be involved in
vegetative cell wall synthesis. Still others appear to be
bifunctional and involved in both growth and sporulation;
presumably these will turn out to have complex regulation
with multiple promoters. A major problem in interpreting
these findings is that the in vivo functions of the various
classes of PBP are still unknown. However, study of the
sporulation-specific enzymes and the modified forms of PG
they produce should improve our general knowledge of this
interesting and important group of proteins.

SYNTHESIS AND ASSEMBLY OF SPORE COAT
PROTEINS

The spore coat represents one of the most conspicuous of
the morphological structures formed during sporulation. It
consists of at least a dozen different proteins deposited in
concentric layers on the outer face of the outer prespore
membrane. Pulse-labeling and surface iodination have been
used to study the timing of spore coat protein synthesis and
the order of assembly of the proteins (144). These experi-
ments showed that the proteins were deposited in a defined
order but that this order did not correspond closely to the
order of their synthesis. Moreover, the assembly of the
spore coat has been shown to occur largely in the absence of
protein synthesis, indicating that self-assembly processes

play an important part in the formation of the coat (142). The
spore coat thus provides an interesting and experimentally
tractable model for studies of the synthesis and assembly of
a complex morphological structure.

Spore Coat Protein Genes

Seven spore coat protein genes have been cloned and
characterized in detail so far. The properties of these genes
and their products are summarized in Table 3. The genes that
have been studied so far are mainly those encoding the most
abundant proteins of the spore coat, which were the easiest
to purify, and which lie mainly in the outer layers of the coat.
Some were isolated on the basis of their unusual solubility at
alkaline pH. The cotA gene was also identified as the site of
mutations preventing the synthesis of the characteristic
brown pigment associated with the late stages of sporulation
(56). The absence of this pigment was used as the basis for
identification of many of the spo mutants (179).

Regulation of Spore Coat Protein Synthesis

Pulse-labeling studies have shown that spore coat proteins
differ greatly in their times of synthesis: although some
proteins begin to be synthesized about 2 h after the initiation
of sporulation, others are not labeled until #; or so (144).
With our knowledge of the various changes that occur in the
transcriptional apparatus during sporulation, the different
times of spore coat protein synthesis can now be partially
explained (323). Those expressed earlier in sporulation are
likely to have o®-dependent promoters, and their precise
timing could be modulated by the action of SpollID (see
above). The cotE gene falls into this category, but it has an
additional o®-dependent promoter that presumably allows
its synthesis to continue when o® appears. The other well-
characterized cot genes all have o -dependent promoters,
but they show considerable variation in time of expression
(Table 1). The SpolIID protein may be responsible for some
of these effects, in addition to its role in the regulation of
some o&-dependent genes. It can repress transcription from
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the cotD promoter in vitro. The disappearance of SpollID
during the later stages of sporulation (cited in reference 322)
may thus be important in the release of transcription of
certain spore coat protein genes.

Role of gerE. The gerE gene encodes a small DNA-bindin
protein that seems to exert control over the genes of the a‘%
regulon in a manner similar to the role of the SpollID protein
in controlling the o® regulon. The main difference is that
gerE does not appear to autoregulate (41). On the basis of the
effects of a gerE mutation, the GerE protein negatively
regulates the cot4 and possibly cotT genes (8, 239), and
positively regulates the cotB, cotC, and cotD genes (323)
(Tables 1 and 2). Thus, like SpolIID, GerE appears to be
capable of both positive and negative regulation of transcrip-
tion, and this has recently been confirmed by in vitro
experiments (322). The GerE protein thus appears to fine-
tune the timing and perhaps the rate of expression of genes
determining spore coat synthesis.

Proteolysis. Earlier work on spore coat synthesis had
suggested that proteases might play an important role in the
assembly of the spore coat (139, 143, 241). So far, two of the
characterized spore coat genes, cotF and cotT, seem to
encode precursor proteins that need to be processed (8, 42).
As yet, neither the relevant proteases nor their genes have
been characterized in detail.

Spore Coat Assembly

The major insights into spore coat assembly have been
derived from studies of mutants (Fig. 1). Perhaps surpris-
ingly, mutations in most of the cot genes have little or no
effect on sporulation or germination: the spore coat appar-
ently assembles normally, showing only the absence of the
single protein. On the other hand, cotE mutant spores show
normal refractility, but they are lysozyme sensitive and have
minor changes in germination properties (321). Preparations
of spore coat proteins are deficient not only in the CotE
product but also in several other major proteins synthesized
and deposited during the late stages of sporulation (e.g., the
proteins encoded by the cotd, cotB, and cotC genes).
Electron microscopy shows that cotE mutant spores possess
the inner lamellar layer of wild-type spore coats but not the
outer electron-dense layer. The absence of the outer coat
layers in this mutant accords with the previous suggestion
that resistance to lysozyme is a function of this layer (140,
142). The absence of proteins other than CotE is not due to
an effect at the level of gene expression, so it must result
from a failure in assembly (321). This raises the possibility
that the CotE protein is deposited on the outside surface of
the inner coat, where it serves as a basement protein on
which the proteins of the outer coat assemble (321). Recent
results, however, indicate that the CotE protein is abundant
and is deposited in the coat in a highly cross-linked form
(175). Amino acid sequence similarity suggests that the CotE
protein may have a peroxidase activity. This cross-linking
activity could play an important role in the covalent assem-
bly of the outer spore coat (54).

Two well-characterized proteins encoded by the cotD and
cotT genes are probably assembled into the inner spore coat,
since they are present in the coats of cotE mutant spores
(17). This conclusion is supported by the observations that
cotT mutant spores are visibly deficient in the striated inner
coat and that overexpression of the cotT gene leads to an
apparent increase in the thickness of the inner coat (17).
Interestingly, overproduction of the CotD or CotT proteins,
or a mutation inactivating the cotT gene, has mild effects on
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germination properties (17, 18), suggesting that the inner
coat is important in the permeability or response to germi-
nants.

Mutations in the spoIVA gene have perhaps the most
dramatic effect on spore coat assembly. Much spore coat
material is made, but the proteins seem to assemble in
cytoplasmic masses rather than being deposited on the
surface of the prespore (36, 232). The amino acid sequence
of spolVA indicates an extremely acidic protein, and it
contains a motif suggestive of ATP binding (267). However,
SpoIVA is also required for cortex formation, which sug-
gests that the assembly of the spore coat may be coupled
somehow to synthesis of the cortex. In this case the SpoIVA
protein would have no direct role in spore coat formation
and its absence would affect coat assembly indirectly.

There is still much to be learned about the synthesis and
assembly of the spore coat, but considerable progress has
been made. Several of the major coat protein genes have
been cloned, and their temporal regulation is understood in
some detail. The phenotypic effects of engineered mutants
have revealed aspects of the assembly process and of the
different functions of the two major layers of the coat.

CONCLUSIONS

Although B. subtilis sporulation involves only two differ-
entiated cells, its regulatory mechanisms are complex and
sophisticated. Many parallels between sporulation and de-
velopmental processes of other organisms are apparent. It is
therefore useful to consider the extent to which we now
understand the molecular basis of this developmental system
and the prospects for future progress.

We certainly know a great deal about the developmental
genes of B. subtilis, mainly because this organism is out-
standingly amenable to molecular genetic analysis. We
know, at least in outline, the program of expression of many
of the genes that regulate sporulation and understand the
mechanisms responsible for many of the genetic interactions
in some detail. Most of the genes have been sequenced, so
their products are known, at least at the primary sequence
level. It should not be long before the remaining genes have
been characterized in this way.

Probably the most interesting question posed by sporula-
tion concerns the establishment of differential gene expres-
sion after septation. The way in which two cells with
identical genomes initiate different programs of gene expres-
sion is crucial in developmental biology. A partial under-
standing of this problem in B. subtilis is already evident. It
seems to involve the regulated distribution of two key
transcription factor activities, oF and oF, to different cells
after septation. Indeed, sigma factors seem to control sev-
eral of the key steps in sporulation. In this respect they
appear to be functionally equivalent to the ‘“master’” regu-
lator genes, such as MyoD, of eukaryotes (285). Each sigma
factor can be considered to determine a specific cell type at
any given time in development.

Perhaps not surprisingly, the regulation of sigma factor
activity is complex. All of the sigma factors are subject to
multiple levels of control, and in each case at least one level
of regulation could involve feedback from events occurring
at the morphological level. Such checkpoints (114) would
ensure that gene expression remained in register with mor-
phological development. However, to date, we have little
detailed information on the mechanisms involved. In fact,
most of these regulatory mechanisms could also be viewed
as intercompartmental signals that keep the genetic pro-
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grams of the differentiating sister cells in register, almost
irrespective of morphological events. Thus, oF processing in
the mother cell seems to be triggered by the action of oF
activity in the prespore; transcription of spollIG and activa-
tion of o€ in the prespore are dependent on gene expression
in the mother cell; and o® synthesis in the mother cell is
triggered at least partly by gene expression in the prespore.
Of course, these regulatory pathways could subserve both
functions.

Other aspects of B. subtilis development are less well
understood than the genetic program. Progress is beginning
to be made in elucidating the way in which specific gene
products bring about morphological change. This is particu-
larly apparent in the case of the formation of the spore coat,
which is very amenable to this kind of study. It is already
clear that two classes of coat protein can be distinguished.
One class (e.g., CotE) is required for the assembly of the
coat: in the absence of this protein, other proteins fail to
assemble into the coat correctly. The second class has no
such essential structural role: the absence of an individual
protein of this class has no overall effect on the assembly of
the remaining proteins, but the spore may be defective in a
specific germination response or resistance property (CotD
is an example).

Other structural changes may be less easy to characterize
but are worthy of more attention. Cortex formation is a
modified form of cell wall synthesis, and its study may aid
understanding this poorly understood phenomenon in vege-
tative cells. Similarly, progress in understanding the forma-
tion of the asymmetric spore septum should shed light on the
important problem of bacterial cell division. For example,
comparative studies of the precise positioning of the vege-
tative septum in the midpoint of the cell and the asymmetric
positioning during sporulation should prove valuable. The
unique phenomenon of engulfment may prove less tractable,
but its study is eminently worthwhile, not least because it
has certain features in common with endocytosis in eukary-
otes. Again, genes involved in engulfment are beginning to
be identified.

Now that many of the sporulation genes have been cloned
and characterized, it is also possible to begin to consider the
evolution of sporulation. Many of the genes involved appear
to have arisen by gene duplication and divergence from
genes that must have been present in the nonsporulating
progenitor (48, 66, 70, 127). There are now numerous exam-
ples of sporulation genes that probably originated in this
way. Other genes needed for both vegetative growth and
sporulation have probably been recruited for the latter
purpose by the development of complex promoters that can
be recognized by more than one form of RNA polymerase
(29, 102, 103, 118). These systems are reminiscent of the
complex promoters of higher organisms which allow genes
to be expressed in different tissues or at different stages of
development.

It is clear that a great deal of progress has been made in
elucidating the molecular basis for this simple developmental
system but that there is still much scope for further work.
The powerful genetic and biochemical approaches that can
be applied to B. subtilis should ensure that solutions to some
of the most interesting problems posed by this developmen-
tal system should soon be forthcoming, and this is likely to
have important implications for other developmental sys-
tems.
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